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Abstract
Two decades after their invention in 1994, quantum-cascade lasers (QCLs) become in-
creasingly important in the global infrared optoelectronics market. Photoacoustic spec-
troscopy, environment monitoring, hot object simulation, and free-space communica-
tion systems are selected examples of the current and potential applications of QCLs.
Record optical powers as large as 14 W and power-conversion efficiencies ranging be-
tween 15−35% have been reported for MIR QCLs for temperatures 80−300 K. Further
improvement of these characteristics depends not only of aspects as heat management
and chip-packaging, but also on improving the active-region design to reduce several
leakage channels of charge carriers. However, mechanisms through which leakage of
charge carriers affects QCLs performance have not been thoroughly researched. A better
understanding of the several (non-radiative) scattering mechanisms involved in carrier
transport in QCLs is needed to design new structures and optimize their performance.
This work provides a realistic description of charge carriers transport in QCLs. We
discuss in particular carrier leakage from QCL quantum-well confined states into higher
and lower states. The two main mechanisms for non-radiative intersubband scattering in
MIR QCLs are electron-longitudinal-optical-phonon scattering and interface roughness-
induced scattering. We present methods for the experimental determination of the leakage
current in QCLs at and above laser threshold, which allowed us to estimate the sheet dis-
tributions of conduction band states and better understand the impact of temperature ac-
tivated leakage on QCLs characteristics. We found that even at temperatures low enough
to neglect ELO scattering, carriers leakage due to IFR becomes significant for devices
operating at high electron temperatures. Altogether, this approach offers a straightfor-
ward method to analyze and troubleshoot new QCL active region designs and optimize
their performance.
Zusammenfassung
Quantenkaskadenlaser (QCLs) wurden vor gerade zwanzig Jahren erfunden und haben
seitdem stetig im weltweiten Markt der optoelektronischen Bauelemente fu¨r den Infrarot
an Bedeutung gewonnen. Anwendungsbeispiele fu¨r aktuelle und potenzielle Einsatzge-
biete von QCLs sind photoakustische Spektroskopie, Umweltu¨berwachung, Simulation
von heißen Ko¨rpern, und optische Freiraumdatenu¨bertragung. Rekord optische Leis-
tungen von 14 W und Leistungseffizienzen zwischen 15− 35% wurden bei mittelin-
fraroten QCLs fu¨r Betriebstemperaturen zwischen 80− 300 K erreicht. Die weitere
Verbesserung dieser Eigenschaften ha¨ngt nicht nur von Aspekten wie Wa¨rmemanage-
ment und Chip-Packaging ab, sondern auch von Verbesserungen im Laserdesign zwecks
der Reduzierung des Ladungstra¨gerleckstroms. Dennoch sind die verschiedenen Mech-
anismen und Komponenten des Leckstroms in Quantenkaskadenlasern leider noch nicht
gru¨ndlich untersucht worden.
Die vorliegende Arbeit liefert a realistische Beschreibung des Ladungstra¨gertrans-
ports in QCLs. Wir beschreiben unter anderem Leckstro¨me vom Quantentopf- in
ho¨here Zusta¨nde und diskutieren elastische und inelastische Streumechanismen von
Ladungstra¨gern bei mittelinfraroten QCLs. Wir illustrieren außerdem die Notwendigkeit
zur Beru¨cksichtigung der Elektronentemperatur fu¨r eine vollsta¨ndigere Analyse der
Ladungstra¨gertransporteigenschaften von Quantenkaskadenlasern. Methoden zur exper-
imentellen Ermittlung des temperaturabha¨ngigen Leckstroms in Quantenkaskadenlasern
werden pra¨sentiert. Unser Ansatz liefert eine Methode zur effektiven Analyse von der
QCL-Leistung und Vereinfacht die Optimierung von QCL aktive Regionen.
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1 Introduction
1.1 III-V compound semiconductors for optoelectronic
applications
III-V compound semiconductors are obtained by combining group III elements (Al,
Ga, In) with group V elements (N, P, As, Sb). The bandgap energy of III-V semicon-
ductor compounds makes these materials suitable for applications based on interband
radiative transitions. The correspondent emission energies range from the infrared (IR)
to the ultraviolet (UV) region of the electromagnetic spectrum (Fig. 1.1).
III-V compound semiconductors are not found in nature; they were first postulated by
Heinrich Welker in the early 1950s [1, 2]. Historically, the realization of optoelectronic
devices based on these materials required the development of new theoretical and experi-
mental methods including device modeling, epitaxial growth, and material doping. How-
ever, important milestones were continuously achieved by research groups worldwide
involved in the realization of optoelectronic devices based on III-V compound semicon-
ductors. Some of these milestones should be briefly mentioned.
Bulk growth of III-V compound gallium arsenide (GaAs) was first demonstrated in
1954 [3]. Less than ten years later, first GaAs-based laser diodes (LDs) emitting in the
near infrared (∼0.9 µm) were reported [4, 5, 6, 7]. The term “bandgap engineering”, the
ability to control the emission wavelength of an optoelectronic device using properties of
quantum confinement [8], was developed, and the emission wavelength of LDs moved
towards shorter values. In the following years, aluminum gallium arsenide (AlGaAs)
and gallium arsenide phosphide (GaAsP)-based devices emitting visible red light were
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Figure 1.1: Bandgap energies for several semiconductor material compounds as a func-
tion of (unstrained) lattice parameter. Data correspond to a lattice tempera-
ture of 300 K. Group IV semiconductors are included. Solid lines represent
ternary materials realized by compositions between two binaries. Squares
(hexagons) represent materials crystallizing in the zincblende (wurtzite)
structure. The lateral lattice parameter is considered for the three nitride ma-
terials. Data are taken from Ref. [9, 10, 11].
demonstrated [12, 13, 14, 15]. Emission of green light was achieved in GaP-based light
emitting diodes (LEDs) doped with optically active impurities as oxygen (O) or nitrogen
(N) [16]. By the end of the 1960s, several applications using red and green light-emitting
LEDs were positioning in the market as light indicators on circuit boards and numerical
displays in telephones, calculators, and watches.
In 1971, first observation of electroluminescence from gallium nitride (GaN) was re-
ported and the possibility to realize blue light-emitting devices and color mixing appli-
cations seemed real [17]. The realization of such devices, however, required the devel-
opment of suitable growth and doping methods for this particular material system. Only
in the 1990s, GaN and InGaN/GaN-based devices emitting in the blue and UV regions
were demonstrated [18, 19].
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New concepts for nanometer-sized structures using III-V compounds as nanowires
and quantum dots have been meanwhile demonstrated. Furthermore, research groups
worldwide have been investigating the integration of III-V compound semiconductors
with other material systems. The quantum efficiency of silicon (Si)-based solar cells,
for example, has been increased above the Shockley-Queisser efficiency limit of ∼30%
using III-V compound semiconductor materials in a multi-junction device structure [20].
Another example here is the integration of III-V materials with graphene, an exciting
research field which defines new potential applications for high speed electronics [21].
Today, III-V compound semiconductors play a key role in a wide spectrum of appli-
cations in modern optoelectronics industry. Selected application fields include lightning,
sensing, environment monitoring, telecommunications, spectroscopy, and holography.
Examples of mass-produced optoelectronic devices are LEDs, photodetectors, semicon-
ductor laser diodes, and vertical-cavity surface-emitting lasers (VCSELs).
1.2 Laser sources for the mid- and far-infrared
Besides the visible and the UV regions of the electromagnetic spectrum, there are plenty
of interesting applications for laser sources emitting in the mid- and far-infrared (MIR
and FIR, respectively). Potential application fields for the FIR (100−300 µm) are remote
sensing, imaging, security screening, high-resolution spectroscopy, communications, and
radioastronomy. Applications for the MIR (3−24 µm) can be arranged in three groups:
gas sensing, free-space optical communications, and hot objects simulation.
Gas sensing is the largest applications group for the MIR. Laser sources emitting
in the MIR are able to target fundamental vibrational-rotational molecular absorption
bands. Several gas sensing techniques using semiconductor lasers have been developed
including photoacoustic spectroscopy, tunable diode laser absorption spectroscopy, laser-
induced breakdown spectroscopy, and frequency comb spectroscopy. Application fields
include pollution monitoring, breath analysis, atmospheric chemistry, and industrial pro-
cess control [22, 23, 24, 25, 26, 27, 28].
3
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Figure 1.2: Simulated molecular absorption spectra within two MIR atmospheric trans-
mission windows. With kind permission from John Wiley & Sons, Inc.
(Ref. [27], Fig. 4.1).
Figure 1.2 shows absorption lines for several molecules in the MIR range. Some of
these gases as ammonia (NH3), nitric oxide (NO), and sulfur dioxide (SO2) are typical
and undesirable byproducts of industrial activities. Detection requirements lie typically
in the order of 1 part per billion per volume (ppbv); being this even more critical in the
case of hazardous chemicals like explosives, where applications are needed that detect
even the smallest amount [24].
Table 1.1 summarizes available solid state laser sources for sensing and detection ap-
plications indicating the emission wavelength and typical light output power. We see
from Tab. 1.1 that quantum-cascade lasers (QCLs) are unique light sources for the MIR
with light output powers of the order of tens of W and showing room. State of the art
terahertz (THz)-QCLs achieve tens of mW output power and operate up to a heat sink
temperature of ∼200 K.
Another applications group for MIR lasers are free-space optical communication sys-
4
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tems. The main idea here is to exploit the infrared transparency of the atmospheric
windows between 3− 5 µm and 8− 12 µm. Intense research is motivated by potential
applications as high speed internet and other communication systems. Firsts QCL-based
free-space optical communication systems have been demonstrated [29, 30, 31, 32].
An additional application field of MIR laser sources is hot objects simulation. Re-
calling Wien’s displacement law, the peak emission wavelength of a black body scales
inversely with the object’s surface temperature. Objects at room temperature, for exam-
ple, have a peak emission wavelength at ∼ 10 µm, and jet engines have peak emission
wavelengths in the 2− 5 µm range. MIR laser sources are furthermore interesting for
military applications: a properly designed infrared laser system could be used as a decoy
to confuse an incoming heat-seeking missile, an idea known by the generic name of in-
frared countermeasures [31, 33]. In addition, MIR laser sources can be used to test and
calibrate thermal cameras.
Despite the particular application of IR laser sources, they need to have a high degree of
power efficiency. This is a major criteria, together with compactness, and low production
and operation costs. Compactness and low operation costs imply also the avoidance
of expensive equipment for cooling and temperature stabilization. Wavelength control
and tuning is also important, then a narrow- or broadband emission spectrum is required
depending on the particular application. Despite of QCLs, no other laser source offers all
these characteristics in a small and compact device.
1.3 QCL research at the Humboldt University and the
contribution of this work
The research group “Elementaranregungen und Transport in Festko¨rpern” from the Hum-
boldt University Berlin is interested in the physics and applications of novel semiconduc-
tor heterostructures and nanostructures. An important component of the group’s work is
the growth and materials science of III-V heterostructures using gas-source molecular-
5
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Laser type Emission wavelength CW light
output
power
Temperature
perfor-
mance
GaN-based LDs UV (0.3−0.48 µm) tens of mW RT-
operation
AlGaAs-based LDs NIR (0.75−1.0 µm) tens of mW RT-
operation
VCSELs NIR or visible (0.65−1.7 µm) 100 W RT-
operation
InGaAsP-based LDs NIR (1.2−2.0 µm) tens of mW RT-
operation
Antimonide lasers NIR to MIR (2.0−4.0 µm) < 5 mW RT-
operation
QCLs MIR (3.0−24.0 µm) Tens of W
pulsed, hun-
dreds of mW
CW
RT-
operation
Lead salt lasers MIR (3.0−30.0 µm) 1 mW Cryogenic
cooling
required
THz QCLs FIR (100−300 µm) tens of mW Cryogenic
cooling
required
Table 1.1: Several solid state laser sources with the potential to be used in sensing and
detection applications. “RT-operation” denotes that operation at room temper-
ature is possible.
beam epitaxy (GSMBE).
Since 2000, a major focus of the group has been the physics and application of
intersubband transitions in new strain-compensated material combinations, specially
new materials and structures for QCLs. The intersubband research is currently con-
centrated on the optimization of high performance QCLs for the MIR, external cav-
ity THz-QCLs including THz antireflective coatings, and growth of strain-compensated
InxGa1−xAs/InyGa1−yAs quantum well photovoltaic diodes on InP. Results are summa-
rized in several publications1 and in more than 15 patent disclosures, representing a total
of 9 distinct inventions.
1For a selection see Ref. [34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54,
55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67].
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In 2004, this group demonstrated a record-performance 3.8 µm-emitting QCL based
on the composite barrier strain-compensated InGaAs/InAlAs-AlAs heterosystem on InP.
This design approach led to a number of new active region designs [36, 44, 45, 46, 55, 57].
Strain-compensated structures incorporated large internal strains (e.g. AlAs barriers and
InAs wells) into fully compensated structures and were used for the engineering of a
record short wavelength (∼3 µm emission wavelength) QCL [46].
Over the last 12 years QCL active region calculations were developed, achieving a very
precise prediction of the emission wavelength. The growth process of QCLs is supported
by standard characterization methods as double-crystal x-ray diffraction combined with
simulation for structure analysis. The processing of laser wafers is done by means of
wet chemical etching. The characterization of MIR QCLs is done in terms of current-
voltage, light output power-current, beam quality, and emission wavelength over a wide
temperature range (80−400 K).
The contributions of these work to QCL research are diverse. This work is primar-
ily experimental, but with a large theoretical component. Through an analysis of rate
equations at and above threshold, we proposed and demonstrated a method to quantify
the effect of charge carriers leakage on QCLs performance. For this purpose we carried
out quantum-mechanical calculations of how several mechanisms should influence lasers
performance and compared them to experimental data.
We also investigated the impact of non-ideal interfaces within the crystal structure on
the laser performance. In particular, we demonstrated the effect of rough interfaces on
the QCL quantum efficiency and designed a new intersubband laser structure which takes
advantage of the effect of rough interfaces in order to improve laser performance.
Finally, but not less important, we demonstrated the first continuous-wave (cw) op-
eration of a buried-heterostructure QCL using InP:Fe regrown by GSMBE. This result
is very significant, since it allows the fabrication of buried-heterostructure QCLs using
active region designs with a high degree of internal strain.
Results presented in this work have been published in scientific journals including
the Applied Physics Letters, the Journal of Applied Physics, and the Journal of Crystal
7
Chapter 1. Introduction 8
Growth. They were also presented in several scientific and technical meetings including,
in two occasions, the “Photonics West” conference, one of the world’s leading confer-
ences for photonics and optoelectronics.
8
2 Quantum confinement in
two-dimensional systems
In this chapter we review basic terminology related to electron states in semiconduc-
tor heterostructures. After introducing the concept of a heterostructure we discuss the
Schro¨dinger equation for conduction band states. We further discuss the envelope func-
tion and the effective mass approximations, together with band non-parabolicity and
strain-induced energy shifts to the conduction band profile. We describe furthermore
the shooting method for finding envelope functions and eigenenergies and illustrate it us-
ing a single quantum well system. Finally, we review two-dimensional carrier statistics
and describe the impact of increased electron temperatures on the subband distribution.
2.1 Semiconductor heterojunctions
A semiconductor heterojunction is the interface that occurs between two layers of dif-
ferent semiconductor materials. Opposed to a homojunction, semiconducting materials
defining a heterojunction have unequal energy bandgaps. The combination of multiple
semiconductor heterojunctions together in a device is called a semiconductor heterostruc-
ture. The birth of these concepts is closely related to the development of III-V semicon-
ductor compounds and epitaxial growth technologies.
Depending on the alignment of the energy bands at the interface, semiconductor het-
erojunctions can be organized into three types: straddling gap (type I), staggered gap
(type II), and broken gap (type III). These types are represented in Fig. 2.1. Type I
heterojunctions occur when the energy bandgap Eg of one semiconductor (M2) is com-
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pletely contained within the bandgap of the other one (M1) as occurs, for example, in the
GaAs/AlGaAs heterosystem. In type II interfaces (e.g. InP/InSb) both the conduction
band edge and the valence band edge of one material (M2) are lower than the correspon-
dent band edges of the other material (M1). This effect is more pronounced in broken
gap or type III heterojunctions, where the conduction band of one material (M2) overlaps
with the valence band of the other material (M1). An example of broken gap heterojunc-
tion is the InAs/GaSb material system. For the purposes of this work we concentrate in
the following only on type I heterojunctions.
EM2g
EM1gEM1g
EM2g
EM2gE
M1
g
Type IIIType IIType I
M1 M2M1 M2M2M1
Figure 2.1: Semiconductor heterojunctions classified by band alignment.
Several heterostructure configurations can be realized sandwiching a narrow (some
hundreds of meV) energy bandgap semiconductor material (M2) between two layers of
a wider energy bandgap (some eV) semiconductor (M1). The most representative con-
figurations are recollected in Fig. 2.2. If layer M2 is sufficiently thin (tens of nm), the
heterostructure system is called a quantum well (QW). In this case, carriers injected into
the system will occupy QW states and have a much larger spatial distribution in material
M2 than in M1 (Fig. 2.2).
A stepped quantum well is realized including an alloy between materials M1 and M2.
Modern epitaxial growth techniques allow also the realization of more complex structures
as symmetric and asymmetric quantum well systems. Multiple quantum well systems and
superlattices are realized alternating layers of materials M1 and M2.
Modern optoelectronic devices integrate different heterostructure types into one com-
10
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Figure 2.2: Heterostructure configurations for type I heterojunctions: single quantum
well (a), stepped quantum well (b), symmetric (c) and asymmetric (d) double
quantum wells, and (e) a multiple quantum well system. Solid (open) dots
represent electron (hole) confined states. Based on Ref. [68].
plex structure. An example here is the quantum-cascade laser (QCL), which uses su-
perlattices of asymmetric, single, and stepped QWs. Modern QCL structures include
typically ∼103 layers of alternating semiconductor materials.
2.2 Electron states in semiconductor heterostructures
The design and optimization of optoelectronic devices based on semiconductor het-
erostructures (e.g. QCLs) is possible by means of band structure engineering. This
concept is inherently bounded to the early days of III-V semiconductors research and
11
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Figure 1.1: Bandgap energies for several semiconductor material compounds as a func-
tion of (unstrained) lattice parameter. Data correspond to a lattice tempera-
ture of 300 K. Group IV semiconductors are included. Solid lines represent
ternary materials realized by compositions between two binaries. Squares
(hexagons) represent materials crystallizing in the zincblende (wurtzite)
structure. The lateral lattice parameter is considered for the three nitride ma-
terials. Data are taken from Ref. [9, 10, 11].
demonstrated [12, 13, 14, 15]. Emission of green light was achieved in GaP-based light
emitting diodes (LEDs) doped with optically active impurities as oxygen (O) or nitrogen
(N) [16]. By the end of the 1960s, several applications using red and green light-emitting
LEDs were positioning in the market as light indicators on circuit boards and numerical
displays in telephones, calculators, and watches.
In 1971, first observation of electroluminescence from gallium nitride (GaN) was re-
ported and the possibility to realize blue light-emitting devices and color mixing appli-
cations seemed real [17]. The realization of such devices, however, required the devel-
opment of suitable growth and doping methods for this particular material system. Only
in the 1990s, GaN and InGaN/GaN-based devices emitting in the blue and UV regions
were demonstrated [18, 19].
2
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E(k) =
∞
∑
l=0
a2l · k2l , (2.3)
with real coefficients a2l . The zero-order coefficient a0 is the band minimum and is set
for all practical purposes to zero. The next order of expansion results in E(k)∼k2; this
approach is called the parabolic approximation. At this point we introduce the concept
of the effective mass. The idea here is to allow a simple description of carriers transport
in solids by replacing the electron mass by an “effective mass” which is in, in general
terms, a tensor in k-space:
1
m∗i j
=
1
h¯2
∂2E(k)
∂ki∂k j
. (2.4)
Often however, due to symmetry, the effective mass tensor is reduced to a longitudinal
and a transverse component (e.g. Si) or even to one single parameter (e.g. GaAs).
The parabolic approximation leads to a constant effective mass. In this case, the energy
function reads
E(k) =
h¯2k2
2m∗0
, (2.5)
which is a good approximation at low wavenumbers (Fig. 2.3).
The next expansion order of Eq. 2.3 leads to
E(k) =
h¯2k2
2m∗0
(
1− ςk2) , (2.6)
which is the first extension to band non-parabolicity [69]. Here, the energy function
is described using two parameters: the (constant) effective mass within the parabolic
approximation, m∗0, and a material-dependent quantity ς called the non-parabolicity pa-
rameter. Applying the definition of the effective mass to Eq. 2.6 we see that m∗ remains
a function of the crystal momentum and, therefore, a function of energy. A character-
istic result for non-parabolicity is then an energy dependent effective mass m∗(E). An
alternative way to describe this is using
13
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Figure 2.3: Band structures for Si (left) and GaAs (right). Parabolic-like energy disper-
sion regions can be recognized. The transverse effective mass for Si (m∗X =
0.19me) is much smaller than the longitudinal effective mass (m∗L = 0.98me).
The effective mass for GaAs is m∗Γ = 0.067me. Based on Ref. [70].
m∗(E) = m∗0(1+α ·E) , (2.7)
where the energy E is measured from the conduction band edge, and the parameter α is
given in terms of the electron mass and the energy bandgap [71, 72]:
α= (1−m∗0/me)2/Eg . (2.8)
2.2.2 Envelope function approximation
Charge carriers in a (periodic) crystal potential are described using the Bloch function
ψ(~r) = u(~r) f (~r) , (2.9)
which has two components. The first one, u, is a rapidly varying function reproducing
the periodicity of the crystal lattice. (For a lattice vector ~R we have u(~r+~R) = u(~r).) The
second function, f (~r), varies only slowly within the interatomic length scale.
In bulk materials, the function f (~r) is a plane wave exp(i~k ·~r) propagating within the
material with a direction given by~k and periodicity 2pi/|~k|. The plane wave can propagate
14
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in all 3 spatial dimensions due to the crystal potential symmetry. For carriers within a
semiconductor heterostructure however there is usually a confinement direction defined
by the direction of epitaxial growth (z). In this case, the function f (~r) is written as a
product of a plane wave propagating perpendicular to direction of confinement and an
envelope function ξ(z) parallel to this direction:
f (~r) =
1√
S
exp(i~k⊥ · ~r⊥)ξ(z) . (2.10)
The term 1/
√
S is a normalization factor for the plane wave with propagation vector
~k⊥=~kx+~ky. Figure 2.4 illustrates the Bloch wave function decomposition for an electron
in a single quantum well.
The envelope function approximation states that an analysis of the envelope function
is sufficient in order to derive physical properties of charge carriers in semiconductor
heterostructures. A series of arguments have been developed supporting this idea, for ex-
ample by Bastard [73, 74] and Burt [75]. Although the scope and validity of the envelope
function approximation approximation is still discussed, its simplification power and the
advantages for heterostructure analysis are immense. This approximation is therefore
very popular among device designers and researchers.
2.3 Strain-induced energy shifts
Heterostructures are usually grown over substrates which might have a similar crystal-
lographic structure as the heterostructure yet different lattice parameters. Since the sub-
strates are much thicker than the heterolayers, this results in an in-plane lattice parameter,
which remains the same throughout the interface (pseudomorphic growth). Local strain
appears, both compressive (negative strain) and tensile (positive strain). These strain
components are written in terms of the substrate lattice parameter a‖ and the (unstrained)
lattice constant a of the material layer. Assuming ideal interfaces (without dislocations or
impurities), the strain components parallel and perpendicular to the direction of growth
15
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M1 M1
M1M1
M2
M2
u(z)(z)
(z)u(z) 
Figure 2.4: Wavefunction components for an electron in the ground state of a single quan-
tum well. Solid (open) dots represent atom positions for the wider (narrower)
bandgap material M1 (M2). ξ(z)u(z) is the z-component of the total electron
wavefunction. ξ(z) is the envelope function in the direction of confinement.
Based on Ref. [76].
are:
e‖ =
a‖
a
−1 , e⊥ =−
e‖
Π
, (2.11)
where Π is the Poisson ratio, which depends both on the elastic stiffness constants ci j
and the crystallographic orientation. For the (001)-orientation, for example, we have
Π(001) = c11/(2c12).
Strain management is very important when designing QCLs, specially for applications
in the MIR. Lattice matched QCL structures reduce local strains to a minimum and allow
lasing action down to a wavelength of ∼5 µm. Shorter (up to ∼3 µm) wavelength QCL
structures have been demonstrated using the In0.73Ga0.27As/AlAs heterosystem. Rela-
tively large local strains of the order of ∼3% are induced by the epitaxial growth of this
heterosystem on InP, which arise from the different in-plane lattice constants. Balancing
compressive with tensile strains however we are able to design strain-compensated struc-
tures, where the net stress (force per unit area due to strain) is kept at or about zero [37].
An important consequence of lattice mismatched pseudomorphic growth are correc-
16
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tions of the order of ∼ 0.1 eV to the conduction and valence band profiles. By known
strain components, these corrections are nicely formulated using the model-solid theory
of Van de Walle [77].
Following Van de Walle’s notations, we write the corrections to the conduction and
valence bands respect to a reference value, EV , which is the average energy value of the
three uppermost valence bands at the Γ-point:
∆EC = aC
δΩ
Ω
, (2.12a)
∆EV = aV
δΩ
Ω
, (2.12b)
where aC (aV ) is the conduction (valence) band deformation potential. Deformations
potentials represent the energy shift per unit fractional volume change δΩ/Ω, which is
the trace of the strain tensor. For epitaxial growth on a (001) substrate we have
δΩ
Ω
= Tr

e‖ 0 0
0 e‖ 0
0 0 e⊥
= 2e‖
(
1− c12
c11
)
. (2.13)
The strained conduction band energy in the model-solid is given by
EC = EV +Eso/3+Eg+∆EC, (2.14)
where Eso is the split-off energy and Eg is the energy bandgap [77]. Similar expressions
are found for each component of the valence band (heavy and light holes, and the split-
off band). For detailed expressions see the works of Van de Walle [77], Krijn [78], and
Pollak [79]. Values for EV , aC and aV for specific semiconductors are calculated within
the model-solid approach and are found elsewhere in the literature [10, 77].
17
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Figure 2.5: Calculated energy band profile for a 7 nm-thick In0.73Ga0.27As quantum well
surrounded by 14 nm-thick AlAs barriers. Pseudomorphic growth on InP is
assumed. Local strains as large as 3.7% for In0.73Ga0.27As and −3.2% for
AlAs are calculated.
Figure 2.5 shows the resulting energy band profile for a In0.73Ga0.27As quantum well
with AlAs barriers. We assume here pseudomorphic growth on InP, resulting in com-
pressive strain for the In0.73Ga0.27As and tensile strain for the AlAs layers. We calculate
local strains as large as 3.7% for In0.73Ga0.27As and −3.2% for AlAs.
QCL designs using strain-compensated heterolayers can by found in Ref. [36, 37, 38,
44, 45, 46, 55, 57].
2.4 Calculation of wavefunctions and confinement
energies
The Schro¨dinger equation (Eq. 2.1) is rewritten in a more convenient form using the
effective mass and the envelope function approaches. The calculation of confinement
energies and wavefunctions in heterosystems is further supported by two following con-
siderations:
18
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• The effective mass is written as a function of growth direction (m∗ = m∗(z)) [80].
• Boundary conditions across a heterojunction are used [81, 82]. The most popu-
lar boundary conditions on envelope function solutions are the Ben Daniel-Duke
conditions, which state that
both ξ(z) and
1
m∗(z)
∂
∂z
ξ(z) are continuous (2.15)
across a heterojunction [83]. This is incorporated into our analysis of the
Schro¨dinger equation through the kinetic energy operator, which is rewritten for
this purpose as
− h¯
2
2m∗(z)
∂2
∂z2
=− h¯
2
2
∂
∂z
1
m∗(z)
∂
∂z
. (2.16)
With these considerations the stationary Schro¨dinger equation for conduction band
electron states in a heterosystem reads
(
− h¯
2
2
∂
∂z
1
m∗(Ei,z)
∂
∂z
+EC(z)
)
ξi(z) = Eiξi(z) , (2.17)
where EC is the conduction band potential including strain-induced energy shifts and
externally applied potentials, and Ei (ξi) is the eigenenergy (envelope function) of i-th
order.
Solutions to the Schro¨dinger equation are found numerically using the shooting
method, which discretizes Eq. 2.17 and approximates iteratively the correspondent so-
lutions (envelope functions and eigenenergies). For this purpose, we parametrize the
z-coordinate through a small1 step length δz, resulting in
1The step length is usually δz = 1A˚. For more details on the discretization of the Schro¨dinger equation see
for example the work of P. Harrison [68].
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ξi(z+δz)
m∗(Ei,z+δz)
= ξi(z)
(
2δ2z
h¯2
(EC(z)−Ei)+ 1m∗(Ei,z+δz/2) +
1
m∗(Ei,z−δz/2)
)
− ξi(z−δz)
m∗(Ei,z−δz/2) .
(2.18)
For each quantum number i, the shooting equation 2.18 allows the reconstruction of
the entire envelope function ξi(z) in small steps of length δz. That means, by known
ξi at z− δz and z, we calculate the value of ξi at z+ δz. As next, this value is used to
calculate ξi at z+2δz, and so, iteratively, the entire envelope function. Two initial values
are however needed to start off this procedure. If the definition range of z is zmin− zmax
with zmax δz, then the starting conditions
ξi(zmin) = 0, ξi(zmin+δz) = 1 (2.19)
can be used.
The first expression in Eq. 2.19 states that the wavefunction extinguishes at the bound-
aries of the confinement potential. The second expression states that the envelope func-
tion has a finite value at zmin+δz. The exactly magnitude of ξi at zmin+δz is not important
due to the linear character of the Schro¨dinger equation. Furthermore, after the calculation
of ξi over the definition range of z, zmin− zmax, a normalization procedure is executed in
order to get normalized functions.
The iterative method described above assumes a known eigenenergy Ei for each quan-
tum number i. This energy is however unknown and needs also to be determined. For
this purpose, the shooting method usually starts using an arbitrary (some meV) value for
Ei. Then, the optimal value (up to some level of accuracy) for Ei is found evaluating if
ξ(Ei,zmax) = 0. Again, this condition states that the wavefunction should extinguish at
the boundary of the confinement potential. If this condition is not fulfilled, a new value
of Ei is generated and a new function ξi(z) is calculated. Finding the root of ξi(Ei,zmax)
with respect to Ei is further accelerated generating Ei values using the Newton-Raphson
20
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method [84, 85].
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Figure 2.6: Calculated solutions ξ1(z) for the electron ground state of a 7 nm-thick
In0.73Ga0.27As quantum well surrounded by 14 nm-thick AlAs barriers. The
solid line represents the optimal solution for the eigenenergy of E1 = 94.74
meV. Deviations from this value lead to divergent values of ξ1 at the
boundary zmax. Energies are given relative to the conduction band edge of
In0.73Ga0.27As.
Figure 2.6 illustrates the process of finding optimal eigenenergies. We represent here
a single quantum well consisting on a thin In0.73Ga0.27As layer sandwiched between two
wide layers of AlAs. We assume pseudomorphic growth on InP. Application of the shoot-
ing method to find the ground state solution for a conduction band electron leads to the
characteristic shape represented by the solid line in Fig. 2.6. The correspondent eigenen-
ergy is calculated to E1 = 94.74 meV. Small deviations from this value lead to divergent
values of ξ1 at the boundary zmax = 21 nm. The correct eigenenergy lies between values
for E1, at which ξ1(zmax) changes its sign.
Figure 2.7 shows calculated envelope functions squared for the single quantum well
(QW) of Fig. 2.5. For graphical representation purposes, we shift the |ξi(z)|2 values in
the energy axis up to the correspondent eigenenergy Ei. We see that the shape of the
envelope functions squared is similar to analytic solutions for electron states confined in
21
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an infinitely deep QW, which have the form sin2 (piiz/lw) with lw the well width.
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Figure 2.7: Calculated conduction band solutions for the quantum well system of Fig. 2.5.
Figure 2.8a illustrates the effect of varying the quantum well width. The confinement
energies are pushed down (up) as the QW becomes wider (narrower). These calculations
take into consideration strain-induced energy shifts as well as band non-parabolicity. Ne-
glection of band non-parabolicity would led to an energy shift of the order of few tens of
meV (Fig. 2.8b).
The accurate calculation of envelope functions and confinement energies for electrons
in semiconductor heterostructures in very important for an effective device design pro-
cess. Consider for example the active region of QCLs, which includes superlattices and
multiple quantum wells. The correct calculation of energy levels is here, for exam-
ple, crucial for the accurate prediction of the emission wavelength. Finally, envelope
functions and confinement energies play an important role in several (radiative and non-
radiative) scattering mechanisms of charge carriers in semiconductor heterostructures
(chapter 5).
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Figure 2.8: Calculated eigenenergies for the quantum well system of Fig. 2.7 as a func-
tion of well width (a). The lower panel (b) shows the calculated energy
shift for the ground state eigenenergy when neglecting band non-parabolicity.
∆E1 = E1(with non-parabolicity)−E1(without non-parabolicity).
2.5 Carrier statistics and hot electrons
Confined electron states in semiconductor heterostructures are characterized by a quan-
tization of the wavevector~k in the direction of confinement (z) and a free electron-like
dispersion for the components of~k perpendicular to the heterolayers. Each of these sub-
bands is characterized by an energy minimum Ei and by a constant density of states
23
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D2D = m∗/pih¯2. The total density of states at any particular energy E is the sum over all
subbands up to that energy:
D2D(E) =∑
i=1
m∗
pih¯2
Θ(E−Ei) , (2.20)
with Θ the Heaviside step function [86].
Figure 2.9 shows D2D for the single quantum well of Fig. 2.7. The shape of D2D(E)
approximates roughly the form
√
E. This approximation becomes better when states
are energetically more closer to each other, as in the case of a very wide quantum well
(Fig. 2.8a). This effect corresponds namely to the transition from a two-dimensional into
a three-dimensional system, where the density of states is proportional to
√
E.
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Figure 2.9: Calculated two-dimensional density of states as a function of energy for the
single quantum well of Fig. 2.7.
The total electron concentration within a subband depends on the density of states
D2D and on the subband occupation probability. The later is given by the Fermi-Dirac
probability function
f FDi (E,Te) =
1
exp(E−E
i
F
kBTe
)+1
, (2.21)
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where E iF is the subband quasi Fermi level, Te is the electron temperature, and kB is the
Boltzmann constant2.
The quasi Fermi level E iF is determined by the total sheet concentration ni through
ni =
∫ ∞
Ei
f FDi (E,Te)D
2D dE . (2.22)
Figure 2.10 illustrates the effect of varying the sheet density and the electron tempera-
ture on the probability function f FDi . We consider here the ground state of Fig. 2.7. The
chosen sheet densities are typical values for conduction band states in QCLs. We see that
as the electron temperature increases the distribution function spreads in energy, which is
a consequence of the reduction of E1F . Similarly, the increased occupation probabilities
with increased values of n1 results from the increased E1F .
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Figure 2.10: Calculated occupation probability for the ground state of Fig. 2.7 as a func-
tion of energy. Colors distinguish between different sheet concentrations.
Solid (dashed) lines correspond to an electron temperature of 300 K (100 K).
Note that we describe the carriers distribution within a subband by a temperature, the
electron temperature, which is larger than the lattice (or heat sink) temperature. This
is the reason why those carriers are usually called “hot electrons” [87]. The relation
2For a simplified analysis we assume here equal electron temperatures for all subbands [88].
25
Chapter 2. Quantum confinement in two-dimensional systems 26
between electron Te and lattice T temperatures is given by the phenomenological formula
Te = T +αLJ , (2.23)
where J is the current density injected to the device and the proportionality factor αL
is called the electron-lattice coupling constant. This simple formula was derived from
optical emission spectroscopy experiments [87] and has proven to be very useful for
QCL analysis [59, 89, 90, 91, 92]. The factor αL is material dependent and is de-
rived from experiments; for InGaAs/InAlAs QCLs, for example, it has the value of
αL = 34.8 Kcm2/kA [91].
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Figure 2.11: Calculated difference between the subband minimum and the quasi Fermi
energy for the ground state of Fig. 2.7 as a function of electron temperature.
Different colors correspond to different sheet densities. The horizontal line
separates the region where E1F lies above E1 from the region where it lies
below E1.
Figure 2.11 shows the electron temperature-dependence of the quasi Fermi energy for
the ground state of Fig. 2.7. We consider here two different sheet densities. We see
here that for a given sheet density, the quasi Fermi energy decreases as the temperature
increases. Figure 2.12 plots E1F as a function of n1 for two different values of Te. We see
here the increase of E1F with increased sheet density.
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Figure 2.12: Calculated difference between the subband minimum and the quasi Fermi
energy for the ground state of Fig. 2.7 as a function of sheet density. Dif-
ferent colors correspond to different electron temperatures. The horizontal
line separates the region where E1F lies above E1 from the region where it
lies below E1.
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Figure 2.13: Fermi-Dirac (solid lines) and Maxwell-Boltzmann (dashed lines) occupa-
tion probability functions. The ground state of Fig. 2.7 with a sheet density
of n1 = 1010 cm−2 is considered. The different colors correspond to dif-
ferent electron temperatures. The vertical line indicates the ground state
energy E1.
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Finally, note that for typical QCL sheet densities (1010−1011 cm−2) the Fermi-Dirac
probability function is well approximated by the Maxwell-Boltzmann function. Fig. 2.13
shows the Fermi-Dirac (Eq. 2.21) and the Maxwell-Boltzmann (exp [(EF,i−E)/kBTe])
functions as a function of energy for a constant sheet density and two different tempera-
tures. We considered is here, again, the ground state of Fig. 2.7. The Maxwell-Boltzmann
function approximates the Fermi-Dirac formula very well for energies E > EF + 3kBTe.
Those energy values lie usually below the subband minimum. Exceptions here oc-
cur at very low electron temperatures (< 100 K) and/or for very high sheet densities
(>1012 cm−2).
2.6 Summary
The understanding and management of quantum confinement in semiconductor het-
erostructures is a key issue for the design and optimization of QCLs. Solving the
Schro¨dinger equation is supported by the envelope function and the effective mass ap-
proximations. The inclusion of band non-parabolicity as well as strain-induced energy
shifts is necessary in order to find accurate solutions. Envelope functions and eigenener-
gies are found through iterative numerical methods. Subband distributions in QCLs are
fairly described using Maxwell-Boltzmann statistics. Increased electron temperatures
spread subband populations considerably.
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3 Quantum Cascade Laser
In this chapter we start our analysis of MIR quantum-cascade lasers (QCLs). We discuss
the general architecture and operation principle of QCLs, including aspects related to the
engineering of the photon emission energy. We discuss the laser gain via an analysis of
the rate equations, which leads to expressions for the threshold current density and the
differential quantum efficiency. We analyze the impact of the injection efficiency and
heat dissipation on laser performance. We present furthermore an useful modeling tool
to simulate QCLs performance as a function of duty cycle.
3.1 General architecture and operation principle
The quantum-cascade laser (QCL), first realized in 1994 [93] and conceptually described
already in 1971 [94], is a laser whose optical transitions occur between different subbands
in the conduction band of a semiconductor heterostructure. Because only the conduction
band is involved in this process, the laser is unipolar; further, the unipolar character
allows the cascading of active regions in a straightforward manner, an ability not usually
possible in p-n diode lasers.
Two-dimensional subbands in a QCL result from a spatial confinement in the direction
perpendicular to the growth planes and have nearly the same E(k) dependence, except
that they have different constant energy offsets. This property results in a narrower spon-
taneous emission spectrum that from p-n diode lasers, but also much lower optical effi-
ciency because optical phonon scattering can also scatter electrons from one subband to
another without conserving k and without emitting a photon. Crucial to the operation of
QCLs is how the electrons are removed from the lower laser level, transported to the next
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cascade, and injected into its upper laser level. This principle of operation allows the gen-
eration of multiple photons per injected electron into the device and allows differential
quantum efficiencies greater than unity.
Figure 3.1 shows a conduction band portion of a MIR QCL design using
the In0.73Ga0.27As/In0.52Al0.48As-AlAs heterosystem. This QCL design uses tensi-
ley strained In0.52Al0.48As and AlAs barriers together with compressively strained
In0.73Ga0.27As layers in order to achieve a strain compensated structure. The photon
emission energy is designed to 0.3 eV (emission wavelength λ = 4.1 µm). In general
terms, a QCL period consists on an active region, defined by the quantum well and bar-
riers that support upper and lower laser states, and the intermediate injector (relaxation)
region. The external electric field applied to the device leads to the linear slope of the
conduction band in Fig. 3.1. We include in this figure calculated moduli squared of enve-
lope functions. Extrinsic electrons are supplied to the injector region, which is n-doped
to a typical doping density per period of np = 1011−1012 cm−2.
Under an appropriate bias electrons tunnel from the injector region into the upper laser
level (state 3 in Fig. 3.1). Ideally, these electrons will scatter down to the lower laser
level (state 2 in Fig. 3.1) emitting a photon (vertical red arrows in Fig. 3.1). An electron
in level 3 can scatter into states 2 or 1 through the emission of an longitudinal-optical
(LO) phonon. Similarly, electrons in level 3 can scatter into higher states through LO-
phonon absorption. An additional non-radiative scattering mechanism here is interface
roughness-induced scattering. Typical non-radiative scattering rates lie in the ps range
(see also chapter 5).
The total lifetime of level 3 is of the order of τ3∼ 1− 3 ps. In order to favor pop-
ulation inversion depopulation of the lower laser level 2 is enhanced through resonant
LO-phonon emission, which means that the phonon emission rate is maximized approx-
imating the energy E21 to the LO-phonon energy ELO∼30 meV. This results in a short
lifetime for the lower laser state of τ2∼0.1 ps. With τ3 > τ2 we recognize the condition
for population inversion and therefore for laser action. Electrons need only to be supplied
fast enough into level 3 and need to exit from levels 2 and more so from level 1 into the
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E32 = 0.3 eV 
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Figure 3.1: Calculated conduction band profile of a MIR QCL structure under an
100 kV/cm electric field. This structure uses In0.73Ga0.27As for the quan-
tum wells together with composite In0.52Al0.48As and pure AlAs barriers.
Solid lines represent the moduli-squared of relevant conduction band states.
Red arrows represent radiative transitions occurring between upper (3) and
lower (2) laser states, corresponding to an emission wavelength of λ = 4.1
µm. Green arrows represent carriers relaxation paths. The energy difference
between levels 2 and 1, E21 ∼ ELO , approximates the LO-phonon energy in
order to enhance depletion of state 2. Layers composition can be found in the
original publication (Ref. [55]).
following downstream injector region at a high rate by tunneling. Inside the injector re-
gion, electrons relax non-radiatively into the following downstream active region. QCL
structure contain typically 20−40 periods (active and injector regions). Lasing has been
demonstrated even for a single active region [95] and has been tested for as many as 200
periods [52].
After two decades of continuous development, QCLs are today the light sources of
choice for a variety of applications including optical spectroscopy, gas sensing for both
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medical and environmental applications, and infrared (IR) countermeasures. For all of
these applications, QCLs emitting in the two atmospheric windows, 3-5 and 8-13 µm, are
of special interest. In this wavelength range, peak optical powers as large as 14 W and
power efficiencies ranging from 15% to 35% have been reported for a wide temperature
range covering 80− 300 K [96]. Further improvement of these characteristics depends
on various aspects, including heat management, chip-packaging and waveguide cladding
[33, 61]. In addition, improvements of the active-region design in order to reduce several
leakage channels of charge carriers is a crucial aspect to consider as well. Those aspects,
i.e., the mechanisms through which leakage of charge carriers affects QCLs character-
istics, however, have not been thoroughly studied. We discuss further details on QCLs
charge carriers leakage in chapter 5.
To conclude we discuss some important aspects related to the engineering of the photon
emission energy in MIR QCLs. The photon emission energy is the energy difference
between the upper and lower laser states is determined by the details of the well and
barrier widths, the effective mass describing the electrons in the heterostructure, and the
relative energies of the wells and barriers. The photon emission energy is limited to the
one hand to energies lower than the conduction band offset between wells and barriers
and, as a closer analysis showed, to about 3/4 of this energy difference [37]. A limitation
on the largest possible laser transition is scattering into the indirect valleys of the well
material. In In0.72Ga0.28As compressively strained to InP, the lowest X-valleys are about
640 meV above the Γ-valley. If the upper laser level is designed somewhat below these
indirect valleys the lower laser level cannot be more than about 400 meV below the upper
laser level, limiting lasers in this material to about ∼3 µm [50]. On the other hand, the
emission energy is also limited to wavelengths that lie outside of the Reststrahlband and
we can consider a practical range of QCLs based on the InP substrate to be between 3
and 20 µm.
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3.2 Laser gain
The laser (or propagation) gain is a quantity which characterizes the amplification that the
laser beam intensity experiences as it propagates within the laser cavity. This definition
is expressed by the following relation:
Φ(x) =Φ(0)exp(Gx) , (3.1)
where x is the beam propagation direction, Φ(x) is the beam intensity as a function of x,
Φ(0) is a starting value, and G is the propagation gain. Based on the fact that the beam
intensity within the laser cavity is directly proportional to a series of different quantities
as, for example, the power density or, ultimately, the number of photons, the utility of
the previous definition of the laser gain is evident as it applies to these quantities as well.
Figure 3.2 shows schematically the laser beam propagation within a laser cavity.
beam propagation
z
x
y
gain mediumLp
w
Figure 3.2: Schematic representation a laser beam propagating within a laser cavity. The
beam propagation direction is~x.
The laser gain in QCLs is written as
G = σΓc(n3−n2) , (3.2)
where σ is the transition cross section, Γc is the mode overlap within the active region
or confinement factor (compare with Eq. 4.3), and n3− n2 is the population inversion
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between upper and lower laser states. The transition cross section σ is given by
σ=
2e2〈z32〉2ω
ε0neffc(2γ)Lp
, (3.3)
where e is the elementary charge, 〈z32〉 is the dipole matrix element for the radiative
transition of electrons from the upper laser level 3 into level 2, ω is the frequency of
the emitted light, ε0 is the vacuum permittivity, neff is the refractive index of the gain
material, c is the speed of light in vacuum, (2γ) is the transition broadening, and Lp is
the length of one QCL period. Equations 3.2 and 3.3 are obtained using Fermi’s golden
rule to calculate the transition probability for a radiative transition between levels 3 and
2 [74, 97, 98].
As next we write the relation between the current flowing through a QCL device and
the induced laser gain. Knowing the relation between these two quantities, the device
designer is able to optimize QCL structures in order to increase the general performance
of devices and/or intentionally engineer some device characteristics in order to achieve
specific goals. This has been recognized in the early days of QCLs development. As
the group of Bell Labs published their famous paper in 1994 [93], reporting the first
QCL, they suggested a three level model for describing the current dependence of the
population inversion in QCLs1. This model has proved to be very successful for the
first QCL devices which worked at helium and liquid nitrogen temperatures. However,
as the QCL operating temperatures increase, several authors realize the limitations of
the 3-level-approach and start to extend it in order to include temperature-driven charge
carriers leakage [57, 58, 59, 92, 99, 100, 101, 102, 103].
3.2.1 Population inversion
Here we present a model to describe the population inversion in QCLs and its dependence
on the current flowing through the device. This model can be used both in the low and
high temperature range and it collapses under certain conditions to the standard 3-level-
1For a schematic representation of this model see the work of Sirtori and Teissier in Ref. [97].
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approach.
Figure 3.3 shows schematically a QCL period under an appropriate bias, which is
favorable for laser action. Injector-miniband states are labeled as gi, and the upper and
lower laser levels are labeled as 3 and 2, respectively. States in the excited miniband
above state 3 are labeled as m j. Solid arrows represent non-radiative scattering paths.
The dashed line represents the radiative transition between states 3 and 2.
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Figure 3.3: Schematic representation of a QCL period aligned under an appropriate bias.
Injector-miniband states are labeled as gi, the upper and lower laser levels are
labeled as 3 and 2, respectively. States in the excited miniband above state 3
are labeled as m j. Solid arrows represent non-radiative scattering paths. The
dashed line represents the radiative transition between states 3 and 2.
Electrons in the injector miniband states gi are injected directly into the upper laser
level 3, scatter up into the excited miniband states m j, or scatter down into the lower laser
state 2. The majority of the electrons of the injector miniband are tunneled into state 3 by
resonant tunneling. Nevertheless, at higher temperatures, a significant portion of these
electrons are scattered up into the excited state miniband (details on this temperature-
driven scattering are discussed in chapter 5).
At equilibrium, the sheet concentrations of the upper and lower laser levels are written
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as:
n3 = τ3
(
∑
i
ngi
τgi3
+∑
j
nm j
τm j3
)
, (3.4a)
n2 = τ2
(
∑
i
ngi
τgi2
+∑
j
nm j
τm j2
+
n3
τ32
)
, (3.4b)
where index i and j parametrize the states in the injector and excited miniband states,
and τ3 and τ2 are the total lifetimes for the upper and lower laser levels. Charge carriers
scattering from injector states into upper and lower laser states are considered in these
equations, as well as scattering from the excited states miniband into the upper and lower
laser levels.
The stimulated emission rate has been intentionally left aside in the equations above.
This is expected to be a good approximation below- and at threshold, where the rate for
stimulated emission is expected to be low, as typically concluded from radiative lifetime
calculations [104]. Inserting Eq. 3.4a and 3.4b into Eq. 3.2, we write the laser gain G as
G = σΓc(n3−n2) = gc∑
i
ngi
τgi3
. (3.5)
The quantity gc is the modal gain coefficient and is defined in
gc = σΓcτeff . (3.6)
The quantity τeff is called the “effective” lifetime of the upper laser level and is given by
τeff = τ3
1− τ2
τ32
1+ ∑ j nm jτm j3
∑i
ngi
τgi3
− τ2
τ3
∑i ngiτgi2 +∑ j nm jτm j2
∑i
ngi
τgi3
 . (3.7)
The denomination “effective” lifetime of the upper laser level for τeff has been used by
some authors in order to describe the reduction of the upper laser level lifetime due to
carriers leakage [92, 105, 106].
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Consider following conditions, which are typically fulfilled in QCLs:
τ3 τ2 , (3.8a)
∑
i
ngi
τgi3
∑
j
nm j
τm j3
, (3.8b)
∑
i
ngi
τgi3
∑
i
ngi
τgi2
+∑
j
nm j
τm j2
. (3.8c)
(3.8d)
Condition 3.8a is certainly satisfied due to the effective depopulation of the lower laser
state, for example in devices using phonon-resonant designs [33]. Condition 3.8b is
satisfied in QCLs with a high injection efficiency. In addition, the low concentration of
electrons in the excited state miniband favors the fulfillment of this condition. Similarly,
condition 3.8c is satisfied if considering the higher injection of electrons into level 3
compared to the injection into level 2. Altogether, considering 3.8a, 3.8b, and 3.8c, the
“effective” lifetime of the upper laser level reduces to the expression:
τeff ≈ τ3 (1− τ2/τ32) . (3.9)
Equation 3.9 is the reduced version of Eq. 3.7. This expression (Eq. 3.9) has been suc-
cessfully applied, for example to describe the wall-plug and and the quantum efficiency
in QCLs [102, 105, 106]. However, it is useful to remember the general form of τeff as
deviations from the reduced form may lead to some corrections in the analysis.
3.2.2 Threshold current density
At threshold, the current density Jth injected into the device must compensate the total
(mirror and waveguide) loss as well as leakage currents. The condition for laser threshold
is given by
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∑
i
ngi
τgi3
=∑
i
ngi
τgi︸ ︷︷ ︸
Jth
−∑
i
ngi
(
1
τgi2
+∑
j
1
τgim j
)
︸ ︷︷ ︸
Jleak
=
αm+αw
gc
. (3.10)
The utility of this relation becomes evident as it can be used to measure the leakage
current Jleak in QCLs, for example as a function of temperature (chapter 5). Furthermore,
by known mirror loss αm, Eq. 3.10 can be used to measure the modal gain coefficient gc
and the waveguide loss αw [57].
An alternative way to write the threshold condition is introducing the injection effi-
ciency
ηin j =∑
i
ngi
τgi3
/∑
i
ngi
τgi
, (3.11)
which leads to the relation:
Jth =
1
ηin j
αm+αw
gc
. (3.12)
3.2.3 Differential quantum efficiency
The (external differential) quantum efficiency is a key quantity to characterize the per-
formance of QCL-devices. This section discusses the parameters that play a role in the
quantum efficiency, including material- and design-induced factors.
For currents somewhat above threshold, the external differential quantum efficiency
per cascade, ηd , is written in terms of the differential slope efficiency dP/dI:
dP
dI
=
h¯ω
e
Npηd , ηd = η f ·ηi , (3.13)
where h¯ω is photon energy of the emitted light, Np is the number of cascades, and e is
the electron charge. The external differential quantum efficiency ηd is the product of the
facet efficiency η f and the internal efficiency ηi.
The facet efficiency η f is the fraction of the generated photons that are emitted from a
facet and depends both on the waveguide loss αw and the mirror loss αm:
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η f = αm/(αm+αw) . (3.14)
The mirror loss is calculated from the facet reflectivity R f and the resonator length L.
For a Fabry-Pero´t resonator with uncoated facets having each one the reflectivity R f ,
the mirror loss is given by αm = − ln(R f )/L2; thus η f is smaller for larger values of L
(Fig. 3.4). Knowing the L-dependence of η f one can calculate the waveguide loss αw
[107, 108].
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Figure 3.4: Calculated facet efficiency η f as a function of resonator length L for a
Fabry-Pe´rot resonator with uncoated facets each one having a reflectivity of
R f = 0.26. We consider for calculations typical values for the waveguide loss
αw(T1) = 1.0 cm−1 and αw(T2) = 3.0 cm−1 for T1 = 80 K and T2 = 300 K,
respectively.
The internal efficiency ηi gives the number of photons generated per injected electron
per unit time per cascade:
ηi =
1
Np
d(Nph/τph)
d(I/e)
, (3.15)
where Np is the number of cascades, Nph is the steady-state number of photons within the
2For a derivation of the expression for αm see Eq. 4.2.
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laser cavity, τph is the steady-state creation/absorption time for photons, I is the current
injected into the device, and e is the electronic charge. The quantity Nph/τph represents
the steady-state rate for photons creation/absorption [106].
The particular value for ηi depends on the particular QCL design and the scattering
mechanisms that charge carriers experience as they are injected into the device. Similarly
as we did when deriving the gain in QCLs, an expression for ηi can be derived using the
rate equations. Nonetheless, the rate equations as written in section 3.2.1 assumed that the
creation/absorption rate for photons is negligible, which is an understandable assumption
below- and at laser threshold. In order to derive the expression for ηi, we need to extend
Eq. 3.4a and 3.4b to include stimulated emission and absorption of photons:
n3 = τ3
(
∑
i
ngi
τgi3
+∑
j
nm j
τm j3
− n3
τrad32
+
n2
τrad23
)
, (3.16a)
n2 = τ2
(
∑
i
ngi
τgi2
+∑
j
nm j
τm j2
+n3
[
1
τ32
+
1
τrad32
]
− n2
τrad23
)
, (3.16b)
where 1/τrad32 represents the scattering rate for stimulated emission from state 3 into 2,
and 1/τrad23 is the rate for stimulated absorption from state 2 into 3. These two rates are
equal and are written in terms of the elementary charge e, the electric field amplitude
E0, the radiative dipole matrix element 〈zi f 〉, the transition broadening γ, and the reduced
Planck constant h¯ as
1
τrad32
=
e2E20 〈zi f 〉2
2γh¯
. (3.17)
Furthermore, the steady state population of photons is given by
Nph = τph
(
n3−n2
τrad32
)
, (3.18)
with τph defined as in Eq. 3.15. Using Eq. 3.16a, 3.16b, and 3.18, the internal efficiency is
written as a product of the injection efficiency ηin j (Eq. 3.11) and the transition efficiency
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ηt [106]:
ηi = ηin j ·ηt , (3.19)
where the transition efficiency,
ηt =
τeff
τeff+ τ2
, (3.20)
is given in terms of the “effective” upper laser level lifetime τeff (Eq. 3.9). The transition
efficiency ηt lies in the ηt = 0.6−0.9 range and changes only slowly with temperature.
This is because ηt depends rather on the ratio of the lifetimes of the involved states rather
than on the absolute values [102].
The injection efficiency ηin j has then a direct impact on the quantum efficiency ηd .
Smowton and Blood [109] included the injection efficiency when analyzing the differen-
tial efficiency of QW lasers and Botez et. al. [101, 103] proposed the inclusion of this
term in the expression for ηd for QCLs. In chapter 5 we take advantage of this relation
to measure the QCLs leakage current above threshold.
3.2.4 The crucial role of the injection efficiency
As next we use Eq. 3.12, 3.13 and 3.19 in order to illustrate the scaling of the differential
slope efficiency dP/dI with Jth, the current density at threshold. The key idea here is to
make use of the common dependence of these quantities on the injection efficiency ηin j.
While dP/dI is directly proportional to ηin j, Jth is inversely proportional to this quantity
(Fig. 3.5).
Considering that the injection efficiency at- and above threshold are similar, writing
dP/dI as a function of Jth results in:
dP
dI
≈
(
Np
h¯ω
e
· ηtαm
gc
)
1
Jth
≈
(
Np
(h¯c)ε0neffγαmLp
e3Γc〈z32〉2 ·
1/τ3
1+ τ2τ3 −
τ2
τ32
)
1
Jth
. (3.21)
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Figure 3.5: Illustrating the dependence of the differential slope efficiency and threshold
current density on the injection efficiency.
Besides parameters as the emission wavelength and the laser cavity length, the scopes
in Eq. 3.21 inclue quantities that lie in the same order of magnitude despite the particular
QCL active region design. Considering this we reproduce dP/dI as a function of Jth
using a set of typical parameters for short-wavelength MIR QCLs. The result is plotted in
Fig. 3.6. The used parameters are indicated in this figure. We see in Fig. 3.6 that dP/dI
achieves a maximum value of (dP/dI)max∼ 3.8 W/A for (Jth)min∼ 0.4 kA/cm2. This
situation corresponds to an injection efficiency of unity. As ηin j reduces, Jth increases and
dP/dI decreases. For ηin j∼0.1 we calculate a threshold current density of ∼6 kA/cm2,
which corresponds to a slope efficiency of ∼0.3 W/A.
Experimental data are also included in Fig. 3.6. Strictly speaking, each experimental
point here corresponds to a different active design, and therefore it defines a unique set
of scaling parameters (Eq. 3.21). Nevertheless, we recognize that the data follows the
predicted trend using “typical” parameters for MIR QCLs. This fact illustrates the need
of using the injection efficiency ηin j in the expressions for both Jth and dP/dI. It validates
furthermore the assumption of similar ηin j at and (nearly) above threshold.
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Figure 3.6: Calculated differential slope efficiency as a function of threshold current den-
sity for QCLs emitting between 3.6− 5.8 µm. Data correspond to devices
grown by our research group and from Ref. [103, 110, 111, 112, 113, 114,
115, 116, 117, 118, 119, 120, 121, 122, 123, 124].
3.3 Impact of heat dissipation on the laser performance
Continuous wave (cw)-operation of QCLs depends on both extracting heat from the ac-
tive region and on designing the laser to be relatively insensitive to the increased temper-
ature of the active region. This is translated as the need of a large thermal conductance
Cth and large characteristic temperatures T0 and T13.
Consider the increment of the active region temperature TAR relative to the heat sink
temperature T for a device operating in pulsed mode at a given duty cycle β:
TAR = T +
U · J ·β · (1−ηw)
Cth
, (3.22)
where U is the bias applied to the device, J is the injected current density, and ηw the
power efficiency. The term U · J =U · I/S with S = Lw represents the electrical power
per surface applied to the device. The power efficiency ηw gives the total efficiency for
3Details on the experimental determination of T0 and T1 can be found in section 4.3.
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light conversion4.
At low duty cycles, the active region temperature approximates the heat sink tempera-
ture and the temperature dependence of the J is described by the characteristic tempera-
ture T0 and a reference value J0 as:
Jth = J0 · exp(TAR/T0) . (3.23)
Using Eq. 3.23 and the analogous expression for the slope efficiency,
dP/dI = (h¯ω/e)Npηd , ηd = η0d exp(−TAR/T1) , (3.24)
we write the temperature dependence of the power efficiency ηw:
ηw =
(dP/dI)(J− Jth)
UJ
, (3.25)
The reciprocal dependence on temperature and on ηw of equations 3.25 and 3.22, re-
spectively, makes evident the need of numerical methods to solve this equation system.
However, typical MIR QCLs have a power efficiency ranging between 1−10 %, which
makes it reasonable to use the approximation ηw∼const. This approximation allows the
investigation of several properties of QCL characteristics as a function of duty cycle in a
simple but effective way. One of such characteristics is the average optical power Pav:
Pav = β · (dP/dI) · (I− Ith) , (3.26)
which is the measured quantity in current-light output power measurements. We see from
Eq. 3.23, 3.24, and 3.25, that Pav is directly related not only to the thermal conductance
of the device, Cth, but also to several others material- and design-specific parameters as
the photon energy (h¯ω/e), the number of cascades Np, and the parameters η0d , J0, T0, and
T1, which describe temperature-dependence.
The effect of temperature-driven carriers leakage is included in Pav principally via T0
4Some authors call this term the wall-plug efficiency. This is the reason for using the index “w” in ηw.
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and T1, as these quantities are strongly affected by the injection efficiency. Large carriers
leakage results in reduced values of T0 and T1 (chapter 5).
Figure 3.7 shows calculated values for the average optical power as a function of duty
cycle for different values of T0 and T1. This calculation considers a MIR QCL (λ= 4 µm)
with Np = 40 cascades, driven with J = 1.5 kA/cm2 current pulses and at a constant heat
sink temperature of T = 250 K. We assume an operation voltage of U = 15 V, a resonator
length of L = 4.0 mm, a resonator width of w = 25 µm, and a thermal conductance of
Cth = 100 W/Kcm2. The parameters J0 = 0.25 kA/cm2 and η0d = 0.32 are taken, which
lead to a power efficiency of ηw = 2.6 %. We use than this value to calculate the active
region temperature using Eq. 3.22.
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Figure 3.7: Average optical power as a function of duty cycle calculated using Eq. 3.26
for a typical MIR QCL. The upper panel (a) shows calculated values for a
fixed T1 = 250 K and different values of T0. Similarly, panel (b) assumes
a fixed T0 = 250 K and different values for T1. A heat sink temperature of
T = 250 K is assumed in all cases.
Inspection of Fig. 3.7 reveals the important role of T0 for achieving cw operation.
Large values of T0 reduce the heating of the QCL active region, maintaining leakage
currents low and allowing laser operation at higher duty cycles. Similarly, larger values
of T1 ensure the achievement of larger output powers; yet not reducing the active region
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temperature at threshold, which is controlled by T0.
3.3.1 Maximum duty cycle
We investigate as next the relation between the maximum duty cycle βmax and the char-
acteristic temperature T0. βmax is written using Eq. 3.26, which results in [61]:
βmax =
Cth ·T0 · ln(J/J0)−T
U · J · (1−ηw) (3.27a)
=
Cth ·T0 · ln(J/J0)
U · (J/Jpulseth )Jpulseth · (1−ηw)
, (3.27b)
where Jpulseth = J0 ·exp(T/T0) represents the low duty cycle limit (β→ 0) of the threshold
current density. For a fixed injection current and heat sink temperature, Eq. 3.27b predicts
a linear dependence of βmax on T0. Furthermore, increased values of Cth led to a large
βmax (Fig. 3.8).
Equation 3.27b allows a detailed analysis of the dependence of βmax on the injection
current. For a constant ratio of J/Jpulseth , βmax scales inversely with J. Fig. 3.9 shows
the variation of βmax with increased ratio J/J
pulse
th for several values of T0. Inspection
this figure shows that βmax increases rapidly with J for current densities up to a value of
approximately:
Joptim ≈ 1.5× Jpulseth , (3.28)
which we call the “optimum” (or recommended) injection current density for high duty
cycle operation [61]. Although operating the device at a higher current leads to some
increase of βmax (Fig. 3.9), it increments also the electrical power, heating the active
region and affecting negatively the performance of the device. Furthermore, no increment
of βmax at all is predicted for current density values larger than the roll-over value:
Jrollover = e× Jpulseth , (3.29)
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Figure 3.8: Calculated maximal duty cycle as a function of threshold current character-
istic temperature T0. Solid lines correspond to different values of Cth and are
calculated using Eq. 3.27b. A heat sink temperature of T = 250 K, a con-
stant injection current density of J = 1.5 kA/cm2, and a power efficiency of
ηw = 0.026 are assumed for calculations. Other parameters are U = 15 V and
J0 = 0.25 kA/cm2.
where e ≈ 2.72 is the Euler number. Current densities higher than Jrollover result in a
significant heating of the active region, which leads to a decrease of the output power at
higher duty cycles and, consequently, of βmax.
The effect of increased operation currents on the average optical power is illustrated
in Fig. 3.10, which shows calculated values for the optical power as a function of duty
cycle. The different lines correspond to calculated values for the optical power using
equation 3.26 using different values for J/Jpulsedth . As in our previous calculations, a heat
sink temperature of T = 250 K is assumed. Further parameters are the same as used in
Fig. 3.7.
The reduction of the maximum duty cycle for values J > Jrollover is clearly recog-
nized. This figure illustrates also the effect of increasing injection currents on the active
region heating. As a matter of fact, an increment in current induces larger values of
∆T = TAR − T for smaller duty cycles. Figure 3.10 shows also that the maximum av-
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erage optical power increases with the injection current. This effect is discussed in more
detail in the next section.
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Figure 3.9: Calculated maximal duty cycle as a function of current density for different
characteristic temperatures T0 (a). A heat sink temperature of T = 250 K and a
power efficiency of ηw = 0.026 are assumed. Other parameters are U = 15 V
and J0 = 0.25 kA/cm2 and Cth = 100 W/Kcm2. The lower panel (b) shows
the correspondent derivative of βmax with respect to current density. The solid
vertical line indicates the rollover position for βmax as given by Eq. 3.29. The
dashed line serves as a guide for the eye indicating the region of the most
rapid increase of βmax: 1 < J . 1.5 (Eq. 3.28).
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Figure 3.10: Calculated average optical power as a function of duty cycle for a MIR QCL
(λ= 4.0 µm). Different lines correspond to calculated values using Eq. 3.26
with different values of J/Jpulsedth . A heat sink temperature of T = 250 K is
assumed. Other parameters are the same as the used in Fig. 3.7; some of
them are indicated. Solid dots mark the points where ∆T = TAR−T = 100 K.
3.3.2 Maximum average optical power
Continuing the discussion of the previous section, we explore in the following the factors
driving the maximum average power of a QCL device. We have seen in Fig. 3.10 that
driving the QCL device with higher currents leads to an initial increase in the average
power. The maximum duty cycle reduces for ratios J/Jpulseth > 2.7 (Eq. 3.29). Never-
theless, the maximum average optical power increases further, although it is achieved at
lower duty cycles (Fig. 3.10).
A calculation of the maximum average power would imply to start from Eq. 3.26
and solve for the condition ∂Pav/∂β = 0. This results in a transcendental equation for
β, whose solution is not straightforward to find. However, it is possible to approximate
the maximum average optical power as Pmaxav ≈ Pav(βmax/2). Introducing the thermal
resistance Rth = 1/(Cth ·S), with S = Lw the laser stripe cross section, this leads to [61]:
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Pmaxav ≈ Pav(βmax/2) =
η1
2
(
J/Jpulseth −
√
J/Jpulseth
)(
T0 ln(J/J
pulse
th )
U(J/Jpulseth )Rth(1−ηw)
)
× exp
(
−2T +T0 ln(J/J
pulse
th )
2T1
)
.
(3.30)
This simplification becomes reasonable as one considers the nearly symmetric shape of
Pav(β) (Fig. 3.10). However, as the ratio J/J
pulse
th increases the symmetric shape is lost,
and Eq. 3.30 becomes an inaccurate approximation of the maximum average optical
power. Nevertheless, an analytical form like Eq. 3.30 allows a simplified analysis of
Pmaxav vs. the input parameters.
As next we study the dependence of Pmaxav on the injection current J/J
pulse
th and on the
characteristic temperatures T0 and T1. We further compare the results of using Eq. 3.30
with values obtained by numerical calculation.
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Figure 3.11: Calculated maximum average optical power as function of current density.
The solid line results from a numerical analysis of Eq. 3.26. The dashed
line represents calculated values using the approximation of Eq. 3.30. Fol-
lowing parameters are assumed: T = 250 K, U = 15 V, J0 = 0.25 kA/cm2,
η1 = 2 W/A, T0 = 250 K, T1 = 250 K, and Rth = 10 K/W.
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Figure 3.11 shows the calculated maximum average optical optical power Pmaxav as a
function of injection current. The solid line shows values calculated numerically us-
ing Eq. 3.26 and the dashed line represents calculated values using the approximation
of Eq. 3.30. We observe initially a rapid increase of Pmaxav , followed by a saturation
behavior of Pmaxav as a function of current. The saturation region starts at a value of
J/Jpulseth ≈2.7. This value can then be considered as the recommended injection current
in order to achieve high average optical power in pulsed mode5. Furthermore, up to
the current ratio J/Jpulseth ≈2.7, very good agreement is achieved between values calcu-
lated analytically and following Eq. 3.30. This is related to the loss of symmetry in the
shape of the Pav(β) function, which is accelerated by a rapid active region heating be-
yond this point. Calculations show that this occurs when the active region temperature
is increased above 100 K relative to the heat sink temperature (Fig. 3.10). The value of
∆T = TAR−T = 100 K can be then considered as a critical value for achieving high op-
tical power. Currents within the range J/Jpulseth = 1−10 are considered in Fig. 3.11, and
we observe no decrease of Pmaxav with increasing current. However, a decrease of P
max
av for
much larger current densities is expected from the increased active region heating.
Figure 3.12a compares calculated values for the maximum average optical power Pmaxav
obtained numerically, and the ones calculated following Eq. 3.30, as a function of the
characteristic temperature T0. We see in this figure that good agreement between both
approaches is achieved up to a ratio of T0/T≈2. As in the case of Fig. 3.11, deviations be-
tween both approaches become more evident as the shape of the Pav(γ) function loses its
symmetry. Interestingly, practically no disagreement between both approaches is found
when calculating Pmaxav as a function of the characteristic temperature T1 (Fig. 3.12b).
5Note that this value is approximately by a factor of 2 larger than the optimum current for high duty cycle
operation (Eq. 3.28).
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Figure 3.12: Calculated maximum average optical power as function of characteristic
temperatures T0 (a) and T1 (b). The solid line results from a numerical anal-
ysis of Eq. 3.26. The dashed line represents calculated values using the
approximation of Eq. 3.30. Following parameters are assumed: T = 250 K,
U = 15 V, J0 = 0.25 kA/cm2, η1 = 2 W/A, J = 1 kA/cm2, T1 = 250 K, and
Rth = 10 K/W.
To summarize, for values up to J/Jpulseth ≈ 2.7, T0/T ≈ 2, and T1/T ≈ 2, the approach
used in Eq. 3.30 offers values for Pmaxav , which are in good agreement with values obtained
from a numerical analysis of Eq. 3.26. Despite of the injection current, the achievement
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of high average optical power depends also on parameters as η1, I0, T0, T1, and Cth.
Furthermore, following values are recommended for high optical power operation: J ≈
2.7× I0 exp(T/T0), T0 ≈ 2×T , and T1 ≈ 2×T .
3.4 Summary
Quantum-cascade lasers are semiconductor laser sources whose optical transitions are
between different subbands of the conduction band of a semiconductor heterostructure.
Because of their unipolar operation, active regions can be cascaded, allowing high output
power even at long wavelengths. Furthermore, because of the parallel dispersion of the
subbands, the gain spectrum of QCLs is narrow compared to the gain spectrum associated
with interband transitions in semiconductor laser diodes. Expressions for the threshold
current density and for the differential quantum efficiency are obtained from an analysis
of the rate equations at and above threshold, and a strong impact of the injection efficiency
in both of these quantities is found.
We proposed a method to model QCL performance. This method is used to estimate
the thermal conductance of a device through a fit of the optical power with duty cycle at a
fixed temperature. It allows furthermore the prediction of laser performance parameters
as the maximum duty cycle and the maximum light output power. Such a straightforward
method should prove very useful for rapid analysis strategies for laser performance opti-
mization, particularly for maximizing the average power and for troubleshooting thermal
management.
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4 Fabrication and characterization of
quantum cascade lasers
In this chapter we review relevant steps for QCL fabrication. We introduce the gas-source
molecular beam epitaxy technique, which is a widely used growth method of semicon-
ductor heterostructures. We review basic characteristics and fabrication steps of Fabry-
Pe´rot resonators. We discuss laser mounting and standard characterization methods of
MIR QCLs, and conclude this chapter presenting an improved growth sequence for the
fabrication of buried-heterostructure QCLs with high thermal conductivity.
4.1 Gas-source molecular beam epitaxy
Molecular beam epitaxy (MBE) is a widely used growth method of semiconductor het-
erostructures. It was developed by the late 1960s at the Bell Telephone Laboratories
by J. R. Arthur and Alfred Y. Cho. MBE growth is characterized by relatively slow
growth rates (∼ 10 nm/min), which allows a high thickness control (∼ 5 A˚) of the de-
posited layers. The epitaxial growth (“epi” = surface, “taxis” = arrangement) requires
ultra high vacuum with pressures as low as ∼ 10−9− 10−12 mbar. This is because the
species are provided by atomic or molecular beams directed toward the sample, which
requires a minimization of residual species and mean free paths of ∼1 m. The growth
quality is controlled in-situ observing the diffraction pattern arising from high energy
(∼10 keV) electrons generated by an electron gun and directed towards the sample sur-
face (RHEED).
Figure 4.1 illustrates schematically an MBE system equipped with three effusion (also
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After growth, the growth quality is controlled using double crystal X-ray diffraction
(DCXRD). Through a direct comparison between simulated and measured data, this tech-
nique allows an efficient control over the real thicknesses and compositions of the grown
layers (Fig. 4.2).
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Figure 4.2: Measured (black) and simulated (blue) DCXRD rocking curves for a 40-
period In0.73Ga0.27As/In0.55Al0.45As-AlAs QCL structure.
4.2 Fabrication of laser ridges
4.2.1 Fabry-Pe´rot geometry
After growth, the QCL wafer is processed into laser ridges in order to provide an opti-
mum confinement of the laser mode and enhance stimulated emission. A simple device
geometry here is the Fabry Pe´rot resonator [125, 126], where the gain medium is placed
within a cavity terminated at the ends with partially reflecting mirrors (Fig. 4.3). Pho-
tons generated within the gain medium travel back and fort along the cavity. The total
photon loss is given by waveguide and mirror losses, which are labeled by αw and αm,
respectively.
The mirror loss αm is a function of the facet reflectivity and, therefore, of the refractive
57
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Figure 4.3: Schematic representation of a laser ridge waveguide (Fabry-Pe´rot resonator).
index for the correspondent photon energy. αm changes only weakly with temperature
in the range 100−300 K. αw, on the other hand, is dominated by free-carrier absorption
and it increases somewhat with increasing temperature due to the decreasing electron
mobility [127, 128, 129].
At threshold, the laser gain Gth in the active region is exactly balanced by the sum
of all the losses experienced by the light in one round trip in the optical cavity [130].
Assuming equal reflectivities R f on each facet this condition is written as
R2f · exp(2GthL)exp(−2αwL) = 1 , (4.1)
with L the cavity length. Rearranging terms we write αm as
Gth = αw− ln(R f )L → αm ≡−
ln(R f )
L
. (4.2)
We determine the mirror loss αm from mode spacing measurements using a high-
resolution spectrometer1. The waveguide loss is estimated using a phenomenological
free-electron model extended to semiconductor heterostructures [129]. Calculated values
from this model are in excellent agreement with measured values, e.g. from L-dependent
1Laser bars with short L ∼ 1 mm cavity lengths are used for this purpose. A typical mode spacing for
InGaAs/InAlAs MIR QCLs is ∼ 1.5 cm−1, which leads to an effective refractive index of neff ∼ 3.14
and a facet reflectivity of R f = [(neff−1)/(neff +1)]2∼0.26.
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measurements of the threshold current density [57] and the differential slope efficiency
[59].
4.2.2 Vertical and lateral confinement of the laser mode
The laser mode is confined along a specific direction using index-guiding, i.e., trapping
the light in the region with the highest refractive index. In the direction perpendicular
to the heterolayers, z-direction in Fig. 4.3, index-guiding is achieved using highly-doped
materials as cladding layers. For InGaAs/InAlAs MIR QCLs, these layers consist on
n-doped InGaAs with doping concentrations within 1017−1018 cm−3. As the refractive
index reduces with increasing doping concentration, the vertical confinement of the laser
mode is enhanced. In addition, low doped, thin semiconductor layers are included be-
tween the active region and the cladding layers in order to increase the refractive index
contrast and improve mode confinement further (Fig. 4.4).
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Figure 4.4: Calculated light intensity (left axis) for a short-wavelength (λ∼3.9 µm) QCL
as a function of distance along the direction of growth. The calculated refrac-
tive index is included (right axis). The cladding and InP substrate layers are
n-doped to∼1017 cm−3. Low-doped (∼1016 cm−3) In0.52Ga0.48As layers are
placed between active region and cladding layers in order to increase the re-
fractive index contrast and the confinement efficiency of the laser mode. The
calculated confinement factor is Γc = 0.75.
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The confinement factor Γc quantifies the confinement of the laser mode along the ver-
tical direction. It is defined as the mode overlap with the active region (AR) as
Γc =
∫
AR |E(z)|2dz∫ ∞
−∞ |E(z)|2dz
, (4.3)
where |E(z)|2 represents the electric field intensity. Typical values of Γc for MIR QCLs
lie within the 0.5−0.9 range.
Figure 4.5: SEM captures of a QCL ridge facet. Active regions and cladding layers can
be recognized. SiO2 (500 nm-thick) is used for the lateral cladding. Metal-
lization is done by thermal evaporation of Cr(20 nm)/Au(100 nm).
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Similarly, along the lateral direction, y-direction in Fig. 4.3, mode confinement is
achieved using low-refractive index materials, as for example SiO2 or SiN for MIR
QCLs. These materials are deposited by reactive magnetron sputtering and serve also
as electrical insulators for the side walls. The waveguide fabrication itself is done by a
combination of conventional optical lithography techniques and chemical selective etch-
ing. Metallization is done by thermal evaporation of Cr(20 nm)/Au(100 nm). Figure 4.5
shows a scanning electron microscope (SEM) pictures of a QCL laser ridge facet.
4.3 Device mounting and characterization
After metallization, laser bars of 1− 6 mm length are cleaved and mounted onto a sub-
mount, which serves as an extractor of heat generated during the laser operation. The
submount material should have therefore a high thermal conductivity. In order to pre-
vent the formation of dislocations and reduce mechanical stress, the submount material
should furthermore have a similar thermal expansion coefficient as the laser chip. Typ-
ical submount materials for MIR QCLs are cooper (Cu), aluminium nitride (AlN), and
diamond. After mounting, laser stripes are electrically contacted using a metallic wire-
bonder. Figure 4.6 shows the SEM capture of a bonded QCL stripe. The mounted QCL
chip containing several laser stripes is also shown.
Figure 4.6: QCL mounted onto a Cu heat sink and ready for characterization. The ampli-
fication shows the SEM capture of a laser stripe.
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For electrical characterization in pulsed operation mode use the Avtech AV-107C-B
current source. Current pulses of 100 ns width and low duty cycles (0.01%) are used in
order to avoid laser heating. The current and the voltage signals are monitored using an
oscilloscope. The average output power is measured using a thermopile detector placed
in front of the laser facet. The peak power is then calculated as the product of the average
output power and the duty cycle.
Figure 4.7 shows typical measurement data for a short-wavelength QCL. Plotted here
are the voltage U and the peak optical power P as a function of current I. The threshold
current Ith and threshold voltage Uth are indicated. The differential quantum efficiency
ηd is determined from the differential slope efficiency dP/dI, measured for the approxi-
mately linear P(I) region between threshold and rollover.
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Figure 4.7: Standard electric and light-output characterization of a MIR QCL. The QCL
active region contains Np = 30 cascades. Considered is a stripe with w = 25
µm-width and L = 3 mm length. The data are collected in pulsed operation
mode using 100 ns current pulses with 10 kHz repetition rate (0.1 % d.c.).
For temperature dependent measurements we mount the devices into a nitrogen gas
flow cryostat. To monitor the heat sink temperature we use a Si-diode mounted close to
the laser. In this way we are able to determine the threshold current and the slope effi-
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ciency characteristic temperatures, T0 and T1, respectively. These quantities parametrize
the increase (decrease) of the threshold current (differential slope efficiency) with in-
creased temperature. Within a temperature range ∆T = Tmax− Tmin, these temperature
dependencies are written as:
Jth(Tmin+∆T ) = Jth(Tmin)exp(∆T/T0) (4.4a)
dP/dI(Tmin+∆T ) = dP/dI(Tmin)exp(−∆T/T1) . (4.4b)
Figure 4.8 shows the temperature dependence of Jth and dP/dI for the device of Fig. 4.7.
Typical T0 values in MIR QCLs lie within the 50−250 K range (see also Fig. 5.19 in the
next chapter). Reported T1 values for MIR QCLs lie within 100−600 K.
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Figure 4.8: Threshold current density and differential slope efficiency as a function
of temperature for the device of Fig. 4.7. Characteristic temperatures
T0 = 175 K and T1 = 550 K are determined using equations 4.4a and 4.4b,
respectively.
Further experimental methods are available for QCL characterization. Examples here
are beam quality studies using near- and far-field measurements, and Fourier transform
infrared spectroscopy (FTIR) for the determination of the laser emission spectrum.
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4.4 Buried-heterostructure devices
The heat extraction capabilities of a MIR QCL device are considerably increased through
the fabrication of a buried-heterostructure (BH), where the etched lateral ridge is over-
grown with a semi-insulating, highly thermally conductive, semiconductor material. An
ideal candidate here is iron doped indium-phosphide (InP:Fe).
The majority of buried-heterostructure quantum-cascade lasers (BH-QCLs) with
InP:Fe lateral cladding use the metal-organic vapor-phase epitaxy (MOVPE) growth
technique for the growth of both the QCL structure and the semi-insulating material
[113, 118, 131]. Furthermore, the typical growth temperatures required for MOVPE
(∼650 ◦C) makes this technique unsuitable for the regrowth of InP:Fe in QCL structures
with a high degree of internal strain [54]. A good example here are short-wavelength
(3−5 µm) QCLs based on strain-compensation of InxGa1−xAs (x = 0.7−1.0) wells and
1− 2 nm-thick AlAs barriers to an InP-substrate. Experimental evidence indicates that
the temperatures experienced during an MOVPE growth of these structures would lead
do laser degradation due to strain-relaxation and strain-driven interdiffusion [54].
An alternative to this situation is the usage of GSMBE, which uses lower growth tem-
peratures <600 ◦C than MOVPE, for growing both the laser core and the InP:Fe material
[54, 64]. BH-QCL devices using InP:Fe regrown by GSMBE have been demonstrated
for lattice-matched (λ = 10.7 µm) and also for strain-compensated (λ = 3.9 µm) QCLs
[54, 64]. In none of the cases a deterioration of QCL characteristics after the InP:Fe
regrowth was observed.
A number of void-like defects however appear when initiating the InP:Fe GSMBE-
regrowth directly on the sides of the laser ridge, which are mostly located at the arsenide-
phosphide interface between the active region and the regrown InP:Fe. The appearance of
these void-like defects is reproducible and depends only weakly on the InP:Fe (re)growth
temperature and PH3 flux (Fig. 4.9).
Furthermore, electrical insulation capabilities of the InP:Fe are not affected by the
presence of the void-like defects. (The laser threshold, for example, in QCLs with and
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without the InP:Fe regrowth remains unchanged.) It is however expected that these de-
fects will reduce lateral heat flow and affect the heat extraction capabilities of the BH
device. As a matter of fact, no cw laser operation has been achieved by BH devices using
GSMBE for the InP:Fe regrowth directly on the sides of the laser ridge [54, 64].
Figure 4.9: High-magnification SEM captures of BH-QCLs using InP:Fe overgrown by
GSMBE. The presence of void-like defects on the interface between the active
zone and the overgrowth material can be recognized. The temperature for the
InP:Fe regrowth is indicated.
The thermal conductivity of BH-QCL devices using InP:Fe regrown by GSMBE is
however significantly improved using a thin (∼20 nm-thick) In0.52Al0.48As spacer layer
between the laser ridge sidewalls and the InP:Fe layers. This procedure preserves the
crystal quality of the interface, maintains the high electrical resistivity of the InP:Fe ma-
terial, and improves significantly heat extraction from the laser core.
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We show in Fig. 4.10 further cleaved facets of QCL ridges overgrown by GSMBE. The
used QCL active region in both panels is the same and uses the InGaAs/InAlAs-AlAs
heterosystem strain compensated to InP [55, 92, 103, 120, 132, 133]. The waveguide
fabrication is done by means of chemical selective etching, resulting in a narrow facet
width (∼7 µm). Panels (a) and (b) of this figure show the overgrown QCL ridge sidewalls
for a reference (without the InAlAs spacer layer) and for the optimized (using the InAlAs
spacer layer) BH-QCL, respectively. Both devices use ∼6 µm-thick InP:Fe regrown at
500 ◦C at the growth rate of 1 µm/hour.
Figure 4.10: High-magnification SEM captures of BH-QCLs using InP:Fe overgrown by
GSMBE. In (a) the InP:Fe overgrown starts directly on the etched sidewall
of the laser core. In (b) the InP:Fe overgrown is done on the 20 nm-thick
In0.52Al0.48As spacer layer previously grown on the etched sidewall.
In the reference BH-QCL (Fig. 4.10a), the QCL wafer was heated under a PH3 flux
and the overgrowth of InP:Fe was done directly on the etched sidewall. In the optimized
BH-QCL (Fig. 4.10b), the QCL wafer was heated in an AsH3 flux, then the regrowth was
started with the 20 nm-thickS In0.52Al0.48As spacer layer. Immediately after, the gas flux
was switched to PH3 and the overgrowth continued with InP:Fe. The major difference
between the overgrowth recipes in the two cases is that in the optimized recipe, Fig.
4.10b, the sidewalls of the active zone (consisting of strain-compensated InGaAs/InAlAs
quantum wells) are never exposed to PH3. The gas switching from AsH3 to PH3 is done
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after the growth of the thin In0.52Al0.48As lattice-matched to InP. We believe that the
appearance of the voids is due to local side-wall surface corrugations, which arise due to
P-As exchange at the exposed sides of InGaAs layers (both InGaAs spacers, and InGaAs
quantum wells). The InAlAs surface is apparently not as sensitive to the P-As exchange,
probably due to a lower surface mobility of the add-atoms.
The low-magnification capture of the optimized BH-QCL is shown in Fig. 4.11. Met-
allization is done by thermal evaporation of Cr/Au and by a thick (4− 5 µm) galvanic
Au layer, which improve thermal conductivity further. The dashed line in Fig. 4.11
represents the location of the In0.52Al0.48As spacer layer.
Figure 4.11: Low-magnification SEM capture of the BH-QCL with the optimized growth
sequence. The dashed line marks the location of the In0.52Al0.48As spacer
layer.
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4.4.1 Improved thermal conductivity and continuous wave
operation
In order to improve heat dissipation, laser ridges of 7 µm-width were soldered epi-down
onto an AlN submount using a close to eutectic Au:Sn (80:20) solder (Fig. 4.12).
Figure 4.12: Facet of a BH-QCL soldered epi-down onto an AlN submount.
We measure the threshold current density Jth as a function of temperature for the opti-
mized BH-QCL in both pulsed and cw operation modes. Results are shown in Fig. 4.13.
A characteristic temperature of T cw0 = 282 K is measured in cw operation mode in the
temperature range 100−180 K. In this range, the threshold voltage reduces from 15.2 V
to 14.0 V. For larger temperatures, Jth increases supra-exponentially achieving a value of
4.3 kA/cm2 at 210 K. The maximum cw operating temperature is 210 K. Operating the
same sample with 100 ns current pulses and a low duty cycle (0.01 %) leads to a value
of T puls,10 = 452 K in the temperature range 100− 220 K, and T puls,20 = 153 K for the
temperature range 250−340 K.
We determine the thermal conductance as a function of temperature by comparing Jth
values in cw and pulsed operation modes [134]. Results are summarized in Fig. 4.14. For
T = 127 K, we measure a thermal conductance of Cth = 1020 W/Kcm2, which decreases
to 500 W/Kcm2 for T = 210 K. These values for Cth allow efficient heat extraction from
the laser core and make laser action under cw operation possible.
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Figure 4.13: Measured threshold current density as a function of temperature for the op-
timized BH-QCL in cw (solid dots) and pulsed (circles) operation modes.
Solid lines represent exponential fits to the data, resulting in threshold
current characteristic temperatures of T cw0 = 282 K, T
puls,1
0 = 452 K, and
T puls,20 = 153 K.
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Figure 4.14: Measured thermal conductance as a function of temperature for the opti-
mized BH-QCL. The solid line is the best fit to the data using the expression
Cth(T ) = a0− a1T + a2T 2 [135], resulting in the fit parameters a0 = 2630,
a1 = 17, and a2 = 0.033.
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We approximate the measured temperature-dependence of Cth using a polynomial
function of the form a0− a1T + a2T 2 with positive coefficients a0, a1, and a2. Follow-
ing heat transfer simulations on semiconductor heterostructures, H. K. Lee et. al. [135]
demonstrated that this expression provides a good agreement between calculated and ex-
perimental data for the thermal conductance of QCLs. We include the fit of Cth(T ) using
this formula in Fig. 4.14.
As next, we want to know how good the obtained Cth is with respect to literature values.
Figure 4.15a shows collected MIR QCL data from the literature for Cth as a function of re-
ciprocal cavity width. The different symbols used in this picture distinguish between the
used submount materials. Due to the better heat dissipation capabilities of narrower laser
stripes [131, 136], we observe that Cth follows an approximately linear dependence on the
reciprocal cavity width (dashed line). Solid blue circles represent measured Cth values
for devices grown by our research group and using the optimized InP:Fe regrowth se-
quence. We observe that these values incorporate well into the general statistics shown in
this figure, which indicates that heat extraction capabilities are obtained using GSMBE-
overgrown BH-QCLs, which are comparable to other approaches as, for example, those
who use MOVPE.
To conclude, we want to analyze the improvement of the thermal conductance in BH-
QCLs using the InAlAs spacer layer with respect to reference devices (without the In-
AlAs spacer layer). Reference BH-QCL devices do not show cw operation. However,
values of Cth are estimated fitting the optical power as a function of duty cycle (section
3.3), a method which is specially accurate at low temperatures. Figure 4.15b shows low-
temperature values for Cth as a function of reciprocal cavity length for the optimized BH-
QCL and for reference devices. A value of Cth = 1480 W/Kcm2 for the optimized BH-
QCL is extrapolated using Fig. 4.14. The presence of void-like defects in the reference
devices (Fig. 4.10a) results in lower Cth values (334 W/Kcm2 for a w = 10.4 µm-wide
QCL ridge and 185 W/Kcm2 for a w = 27 µm-wide QCL ridge). Figure 4.15b includes
data for a plasma-etched QCL using SiN dielectric insulation [48], which resulted in a
Cth of 720 W/Kcm2 for a w = 6 µm-wide stripe.
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Figure 4.15: Thermal conductance as a function of reciprocal cavity width for several
reported MIR QCLs. Squares (diamonds, circles) correspond to devices
mounted on Cu (diamond, AlN) submounts. The upper panel (a) shows
high-temperature (∼ 300 K) data collected from the literature [111, 112,
115, 116, 117, 119, 131, 134, 137, 138, 139, 140, 141, 142, 143, 144] and
also data corresponding to BH-QCLs using the optimized InP:Fe regrowth
sequence (solid blue circles). The lower panel (b) shows low-temperature
(80 K) data for QCL devices grown by our research group (see text for ref-
erences). The dashed line illustrates the approximate linear scaling of the
Cth with 1/w.
Values for the thermal conductance Cth of our two reference BH-QCLs [61, 64] and
the Cth value of the thin dielectrically insulated QCL show the same trend vs. 1/w,
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indicating that the reference BH-QCLs are not any better than the dielectrically insulated
device in terms of heat dissipation. However, the measured Cth for the optimized BH-
QCL (regrown with the 20 nm-thick In0.52Al0.48As spacer layer) clearly pins off this
trend showing at least a two-fold improvement with respect to the reference BH-QCLs
and the dielectrically insulated QCL. This demonstrates the high impact of the void-like
defects we obtained before (Fig. 4.9 and Fig. 4.10a) on the heat dissipation capabilities
of buried-heterostructure devices.
4.5 Summary
Realization of QCL devices requires the careful execution of several experimental steps.
This starts with the epitaxial growth of the laser wafer and continues with the processing
of laser ridges. The simplest waveguide geometry is the Fabry-Pe´rot resonator, where
the gain medium is placed within a cavity terminated at the ends with partially reflecting
mirrors. (A typical value for the (uncoated) mirror reflectivity is R f = 0.26.) Vertical and
lateral confinement is achieved by index-guiding, i.e., trapping the light in the highest
refractive index region. A combination of high and low doped InGaAs layers is used for
the vertical confinement of the laser mode in MIR QCLs, resulting in vertical confinement
factors Γc = 0.5− 0.9. Application of a dielectric (e.g. SiO2) material for the lateral
cladding results in high lateral confinement of the laser mode (lateral confinement factor
near unity for ridge widths of ∼20 µm).
The heat extraction capabilities of MIR QCLs are considerably increased through the
fabrication of a buried-heterostructure (BH). Here, the etched lateral ridge is overgrown
by a semi-insulating, highly thermally conductive, semiconductor material. An ideal
candidate here is iron doped indium-phosphide (InP:Fe). The thermal conductivity of
BH-QCL devices using InP:Fe regrown by GSMBE is further improved using a thin
(∼ 20 nm-thick) In0.52Al0.48As spacer layer between the laser ridge sidewalls and the
InP:Fe layers. This improves also the crystal quality of the interface and preserves the
high electrical resistivity of the overgrown material. The optimized regrowth sequence
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led to cw operation up to 210 K of a 7 µm-wide BH-QCL with an emission wavelength
of 5.4 µm. The measured thermal conductance is Cth = 500 W/Kcm2 at 210 K and 1020
W/Kcm2 at 127 K, which is comparable to the state of the art BH-QCLs using InP:Fe
regrown by MOVPE.
73

5 Carriers leakage and hot electron
effects
Optimization of QCL performance depends not only of aspects as heat management and
chip-packaging, but also on improving active region designs to reduce several leakage
channels of charge carriers [57, 58, 59, 92, 99, 102, 103, 107, 145]. This is crucial
for example to achieve high-power cw operation, where an increment of the cw power
efficiency by a factor of ∼ 2 is predicted for complete suppression of carriers leakage
[103]. However, mechanisms through which leakage of charge carriers affects QCLs
performance have not been thoroughly researched.
In this chapter we analyze elastic and inelastic scattering in MIR QCLs. We focus here
on temperature driven scattering from quantum well confined states into higher states.
We present methods for the experimental determination of the correspondent leakage
current at and above laser threshold. We further demonstrate the need of considering the
effect of hot electrons (i.e. electrons characterized by a temperature larger than the lattice
temperature) when analyzing transport characteristics of QCLs. We demonstrate that
even at temperatures low enough to neglect inelastic scattering, carriers leakage due to
elastic scattering becomes significant for devices operating at high electron temperatures,
leading to important consequences for QCL performance.
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5.1 Non-radiative scattering
5.1.1 Electron-phonon interaction
The importance of electron-phonon interaction for electron transport in semiconductor
heterostructures is widely addressed in the literature. In particular, electron-longitudinal-
optical-phonon (ELO) interactions plays a key role in QCLs: it allows a fast depopulation
of the lower laser state and favors electron relaxation in the injector region through the
emission of phonons1. We start our analysis writing the ELO-interaction hamiltonian and
then we calculate several scattering rates for LO-phonon absorption and emission. The
impact of ELO scattering on QCL performance is discussed in sections 5.2.1 and 5.2.2.
For our discussion we adopt a formalism which has been first proposed by P. J. Price
(IBM Thomas J. Watson Research Center) in the year of 1980 [148]. This formalism
has been then further developed by P. Harrison (University of Leeds) in his popular book
first published in the year of 1999 [88]. The mainline of the relations used in this thesis
can be considered a synthesis of ideas from these two references and from the works of
M. Stroscio et. al. [149] and X. Gao et. al. [150] on the issue.
Consider the wavefunction for the phonon-induced potential in a bulk material with
propagation vector~q:
φ(~r) = ρ(q)exp(−i~q ·~r) . (5.1)
The normalization coefficient ρ(q) can be determined from the orthonormality and com-
pleteness conditions imposed on the phonon wavefunctions, resulting in:
|ρ(q)|2 = h¯
ε0Vol|~q|2∂ε(ω)/∂ω , (5.2)
with the crystal volume Vol = S ·L and the dielectric function ε(ω). Altogether, the nor-
malized wave function of a simple phonon mode can be written as:
1Acoustic phonons are only weakly coupled to electrons; the correspondent scattering rates and small and
are usually omitted in calculations [146, 147].
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φ=
[
h¯
ε0|~q|2∂ε(ω)/∂ω
]1/2 exp(−i~q ·~r)
V 1/2ol
. (5.3)
The total phonon interaction hamiltonian is obtained by summing equation over all
phonon wavevectors:
H˜LO = e∑
~q
φ= e∑
~q
[
h¯
ε0|~q|2∂ε(ω)/∂ω
]1/2 exp(−i~q ·~r)
V 1/2ol
. (5.4)
With equation 5.4 and using Fermi’s golden rule, we calculate the scattering rate 1/τLOi j
between states i and j due to ELO interaction. Assuming parabolic subbands and making
use of the heterostrcture’s symmetry, i.e., splitting the electron wavefunction and the
phonon momentum in components along and perpendicular to the direction of growth,
the scattering rate is written as:
1
τLOi j
=
2pi
h¯
| 〈 j| H˜LO |i〉 |2δ(E j−Ei) (5.5a)
=
2pie2(nLO+1/2∓1/2)
ε0S∂ε(ω)/∂ω ∑~k⊥ j
|∑
qz
1
L1/2
Gi j(qz)
×∑
~q⊥
1
(|~q⊥|2+ |qz|2)1/2
1
S
∫
exp(−i(~k⊥i−~k⊥ j +~q⊥) ·~r⊥)d~r⊥|2δ(E j−Ei) ,
(5.5b)
where z is the direction of growth, ⊥ is the direction parallel to the layer’s plane,~k⊥(i, j) is
the two-dimensional wave vector parallel to the layers plane for state i or j, and r⊥=(x,y)
is the component of the position vector in this direction.
We introduced the temperature-dependence in the scattering rate via the phonon occu-
pation probability (nLO + 1/2∓ 1/2). The upper sign (−) represents absorption, which
reduces the phonon population from (nLO+1) to nLO, and the lower sign (+) represents
phonon emission, which increases the number of phonons from nLO to (nLO+1).
The quantity Gi f in Eq. 5.5b is known as the electron-phonon coupling function or
the form factor for ELO scattering [68, 151]. The electron-phonon coupling function is
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the analogous quantity to the dipole matrix element 〈zi j〉 =
∫
ξ∗j(z)zξi(z)dz for the case
of intersubband radiative transitions [74]. It depends on the envelope functions ξi, j of the
initial and final electron states and on the z-component of the phonon wave vector qz:
Gi j(qz) =
∫
ξ∗j(z)exp(−iqzz)ξi(z)dz . (5.6)
Figure 5.1 shows calculated values for Gi f for two conduction band states of a QCL
structure.
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Figure 5.1: Calculated electron-phonon coupling function squared for two QCL conduc-
tion band states as a function of phonon momentum in the direction of con-
finement. A mean lattice constant of a = 5.94 A˚ is used for graphical repre-
sentation purposes.
Figure 5.2 shows calculated ELO scattering rates as a function of total (potential and
kinetic) energy. The same states pair (i, j) as in Fig. 5.1 is considered. This figure
distinguishes furthermore between the initial state being either state i or j. For each case,
the calculated scattering rate for phonon absorption and emission is shown. A lattice
temperature of 300 K is used for calculations.
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Figure 5.2: Calculated electron-LO-phonon scattering rates as a function of total (poten-
tial and kinetic) energy for a lattice temperature of 300 K. The states pair (i, j)
of Fig. 5.1 is considered.
Threshold energy values for the scattering rate can be clearly recognized in Fig. 5.2.
Electrons initially in state i and scattering up into state j need at least the energy E j∓ELO
(ELO is here the LO-phonon energy) in order to meet energy conservation. A different
situation stands for electrons initially in state j: each one of these electrons is able to
scatter down to state i either via phonon-absorption or through phonon-emission. We see
furthermore that larger values are obtained for LO-phonon emission than for phonon-
absorption. Reason for that is the phonon occupation probability. The ratio of the scat-
tering rates for phonon-emission to phonon-absorption is given by (nLO +1)/nLO and is
temperature-dependent. This ratio is ∼4 for a temperature of 300 K.
For a fixed energy, calculated scattering rates for phonon emission and absorption dif-
fer slightly depending on which state (i or j) is chosen as the initial one (Fig. 5.2). Reason
for that is the different phonon momenta required for the different cases, as Fig. 5.3 illus-
trates2. These differences in the scattering rates reduce with increasing energy due to the
2Consider for example an electron initially in state i (black dot in Fig. 5.3) and scattering via LO-phonon
absorption up into state j (black dashed arrow in Fig. 5.3). An electron of the same energy yet initially
in state j (red dot in Fig. 5.3) would need a larger phonon momentum to scatter to state i absorbing a
phonon (red dashed arrow in Fig. 5.3). As a result, a smaller scattering rate is calculated for the second
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near parabolicity of the subbands. As the energy increases the magnitudes of the needed
phonon momenta for the different scattering paths become similar (Fig. 5.4).
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Figure 5.3: Calculated subband dispersion and several electron-LO-phonon scattering
paths. For a fixed energy, an electron initially in state i (black dot) may scatter
into state j via LO-phonon emission (black solid arrow) or absorption (black
dashed arrow). Analogous applies for an electron initially in state j (red dot).
States i and j and correspondent arrows are labeled and colored in analogy to
Fig. 5.2. (a) denotes here LO-phonon absorption, and (e) denotes LO-phonon
emission. A mean lattice constant of a = 5.94 A˚ has been used for graphical
representation purposes.
case. Similarly, a larger scattering rate is obtained for an electron scattering via LO-phonon emission
from state i to j (solid black arrow in Fig. 5.3) than in the opposite case (solid red arrow in Fig. 5.3).
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Figure 5.4: Calculated subband dispersion and different electron-LO-phonon scattering
paths. States i and j and correspondent arrows are labeled and colored in
analogy to Fig. 5.2. (a) denotes here LO-phonon absorption, and (e) denotes
LO-phonon emission. A mean lattice constant of a = 5.94 A˚ is used for
graphical representation purposes.
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5.1.2 Interface roughness
Interface roughness-induced (IFR) scattering has attracted attention in the last years and
its effects on QCLs transport characteristics are being increasingly researched. We review
here important aspects of IFR scattering for MIR QCLs, including a discussion on the
temperature dependence of the scattering rate.
IFR scattering is described parameterizing the random roughness profile of the inter-
face in terms of the average rms height ∆ and the characteristic roughness lateral size
Λ [55, 152]. The intersubband IFR scattering rate depends furthermore on the ampli-
tude of the conduction band offset δU(zl) at the individual interface l and the wavefunc-
tion amplitudes of the involved states. (For more details see for example the work of
Chiu et. al. [153] and references therein.) The IFR scattering rate from the bottom of a
subband i into a subband j is given by:
1
τ0i j
=
pim∗
h¯3
∆2Λ2∑
l
[δU(zl)ξi(zl)ξ j(zl)]2 exp(Λ2q2i j/4) , (5.7)
where m∗ is the conduction band effective mass, ξi, j(zl) are the envelope function am-
plitudes at the lth interface, and qi j =
√
2m∗Ei j/h¯ represents the absolute value of the
two-dimensional energy-dependent scattering vector involved in the scattering process3.
Figure 5.5a shows the calculated portion of a conduction band diagram of a strain-
compensated MIR QCL. Envelope functions for the upper (i) and lower ( j) laser levels
are shown. The calculated energy separation between these states is Ei−E j = 0.27 eV,
which corresponds to an emission wavelength of λ= 4.6 µm. The In0.73Ga0.27As ternary
is used to define the deep quantum wells, and the binary AlAs material is used for the
barriers. The calculated values for the conduction band discontinuity between two layers,
δU(zl), lie within the 0.73− 1.21 eV range. The factor [δU(zl)ξi(zl)ξ j(zl)]2 of Eq. 5.7
is shown. The right panel (b) shows the calculated energy-dispersion for the involved
states. A value of q0i j = 0.49 nm
−1 is calculated at the subband bottom.
3Similarly as in the case of ELO scattering we assume here band-parabolicity. This is done in order to
avoid long expressions and because it leads to simple and elegant expressions.
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Figure 5.5: Calculated portion of a conduction band diagram (a) of a strain-compensated
MIR QCL (λ = 4.6 µm). Envelope functions of the upper (i) and lower ( j)
laser states are shown. Black dots indicate values for the calculated fac-
tor [δU(zl)ξi(zl)ξ j(zl)]2 involved in scattering rate calculations (Eq. 5.7).
The right panel (b) shows the correspondent energy dispersion as a function
of wavevector perpendicular to the direction of growth. An energy differ-
ence between subband minima of Ei j = 0.27 eV, corresponding to a two-
dimensional wavevector q0i j = 0.49 nm
−1, is calculated. A mean lattice con-
stant of a = 5.94 A˚ is used for graphical representation purposes.
Using Eq. 5.7 we calculate the IFR scattering rate for the states in Fig. 5.5. We use
the values of m∗ = 0.034me, as calculated for the quantum-well material, Λ= 0.6 nm, as
typically used devices grown by molecular-beam epitaxy [153], and ∆ = 0.1 nm, which
is extracted from the measured quantity Λ∆ = 0.6 nm2 [55]. Calculation results in a
value of 1/τ0i j∼0.5 ps−1, corresponding to a scattering time of τ0i j∼2 ps. Note that this
scattering time lies within typical orders of magnitude for ELO scattering.
For an illustration of the IFR scattering lifetimes with respect to ELO scattering con-
sider Fig. 5.6. We show here calculated lifetimes for IFR and ELO scattering from the
upper laser state (3) into the lower laser state (2) for a number of MIR QCLs, as re-
ported by Chiu et. al. [106, 153]. The emission wavelength of devices covers the range
4.7−14.96 µm. We see that the contributions of interface roughness and electron-phonon
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interaction to τ3 are similar for short emission wavelengths (< 6 µm). As the emission
wavelength increases, the two-dimensional wavevector q32 reduces and IFR scattering
becomes the dominant depopulation path of the upper laser level.
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Figure 5.6: Calculated lifetimes for scattering from the upper into the lower laser state as
a function of emission wavelength for several MIR QCLs. Data points corre-
spond to values reported by Chiu et. al. [106, 153]. Solid squares represent
the total scattering time. Diamonds (circles) represent the interface roughness
(electron-phonon) scattering contribution to the total scattering time.
So far we have considered IFR scattering for an electron initially at the subband bot-
tom. To include temperature-dependence we need to generalize Eq. 5.7 in order to
include electrons with higher kinetic energy. We do this extending Eq. 5.7 to include
energy (E)-dependence via the two dimensional vector q2i j(E):
1
τIFRi j (E)
=
pimc
h¯3
∆2Λ2∑
l
[δU(zl)ξi(zl)ξ j(zl)]2 exp(Λ2q2i j(E)/4) , (5.8)
Using the variable substitution ∆E = E−Ei and Ei j = Ei−E j, the wavevectors squared
for electrons in band i and j are written as q2i = 2m
∗/h¯2∆E and q2j = 2m∗/h¯(∆E +Ei j),
respectively. The energy-dependent IFR scattering rate is then rewritten as:
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1
τIFRi j (∆E)
= (τ0i j)
−1
exp
[(∆E
Ei j
)2
+
∆E
Ei j
]1/2
− ∆E
Ei j

m∗Λ2Ei j
h¯2
. (5.9)
For ∆E = 0, this expression collapses to the energy-independent expression (Eq. 5.7).
As the electron temperature increases and higher electronic states are populated, the
scattering rate 1/τIFRi j (∆E) increases by the virtue of a reduced q ji(E) (compare with
Fig. 5.5). The values of q ji(E) converge as E→ ∞, leading to a temperature dependence
of 1/τIFRi j (∆E). This effect can be estimated evaluating the limit τ0i j/τIFRi j (∆E → ∞),
which is shown in Fig. 5.7 for different values of Ei j. For the states pair (i, j) of Fig. 5.5,
the ratio τ0i j/τIFRi j converges to a value of ∼8.0 for E→ ∞.
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Figure 5.7: Calculated ratio of the energy-dependent IFR scattering rate to the energy-
independent case for several intersubband energy separations Ei j.
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5.1.3 Other scattering mechanisms
Electron-electron interaction
Electron-electron interaction is a many-body effect and represents the dominant contri-
bution to intrasubband scattering, with scattering rates at least two orders of magnitude
larger than intersubband scattering rate. The fast redistribution of electrons within a sub-
band by means of electron-electron scattering justifies furthermore the assumption of
thermalized electron subbands [154].
Intersubband (Auger-type) scattering processes are possible via carrier-carrier scat-
tering. Furthermore, close examination of typical lifetimes shows that intersubband
electron-electron scattering is relevant only for subband energy separations below the
LO-phonon energy, for example between injector miniband states or in electron states in
a THz QCL [68, 146, 154, 155]. We ignore therefore in the following electron-electron
scattering in our analysis of intersubband scattering rates, as we focus on states with
relatively large intersubband spacings (> 100 meV).
Impurity scattering
This scattering mechanism originates from the dopants in the laser structure. QCL in-
jector regions are usually n-doped with Si in order to control electron density and avoid
conduction band bending. Ionized donor atoms represent potential Coulomb scatterers.
This background ions charge density is located in the injector regions, far away from
the active region in order to prevent impurities from influencing the optical transition
between upper and lower laser state [156]. The net result of ionized impurity scattering
is a reduction of the lifetime of the injector states and an increased radiative transition
broadening [155, 156, 157].
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5.2 Temperature activated leakage current
In this section we analyze in more detail the temperature-driven leakage current (defined
in Eq. 3.10) in MIR QCLs. We presents methods for the experimental determination of
Jleak at and above threshold. This current is then modeled considering the temperature-
dependent carrier distribution in the subbands, the LO-phonon probability, and interface
roughness-induced scattering. As a result we find out that the main component of Jleak is
due to carriers leakage from the injector states miniband into the excited states miniband.
We discuss also impact of Jleak on QCLs performance.
5.2.1 Leakage current at laser threshold
Investigated QCL structures
The investigated QCL designs (structures S1 and S2) in this section are devices emitting
in the MIR range. A portion of the conduction band profile of the first design, referred
in the following as structure S1, is shown in Fig. 5.8. Layers composition and thickness
are indicated. In order to reduce the temperature-driven carriers leakage, large energy
separations between the injector miniband states and higher states are achieved in this
structure (Tab. 5.1).
The active region of structure S1 exploits the dependence of the interface roughness-
induced (IFR) scattering rate on the barrier height (δU(zl) in Eq. 5.7) in order to
enhance population inversion. The IFR scattering component of the lifetime of spe-
cific states is engineered by using different barrier heights within a strain-compensated
InGaAs/InAlAs-AlAs QCL. In particular, low barriers are used where the upper laser
state has its highest probability, maximizing the lifetime of the upper laser state. Simi-
larly, higher barriers are used where the lower laser state and the few subsequent confined
states have their highest probabilities, minimizing the lifetime of the lower laser state. By
combining differing barrier heights in this way, the lifetime of the upper laser state is in-
creased, while simultaneously the lifetime of the lower laser state is decreased; thus, the
population inversion is significantly enhanced.
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Structure E3−E2 E3−Eg1 Em1−E3 Em2−E3
S1 300 14 120 176
S2 271 11 80 139
Table 5.1: Energy differences of subband minima for structures S1 and S2 (in meV) ob-
tained following intersubband spacing calculations. For a schematic represen-
tation of the energy levels see Fig. 5.8 and 5.11.
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Figure 5.8: Calculated portion of the conduction band profile of the
structure S1 under a 100 kV/cm electric field. The layer
thickness in nm starting from the thinnest well, W1:
1.1/2.0/4.0/1.2/3.7/1.6/3.0/1.4/2.7/1.2/2.4/1.0/2.3/0.9/2.0/1.9/1.9/2.9/1.6/3.9.
The strained In0.73Ga0.27As well layers are in roman, and the strained
digital-alloy InAlAs layers (composed of In0.52Al0.48As and AlAs) layers
are in bold. Underlined layers are doped to 1.0× 1018 cm−3. Solid lines
represent the moduli-squared of relevant conduction band states. Relevant
states are labeled in analogy to Fig. 3.3.
In order to investigate the effect of the reduced IFR scattering between upper and
lower laser states we compare the luminescence spectra of structure S1 with a reference
design [76]. The transition broadening due to IFR scattering between upper and lower
laser states, described by the envelope wave functions ξ3 and ξ2, respectively, is given by
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[152, 158, 159]:
ΓIFR =
pim∗
h¯3
∆2Λ2∑
l
δU2(zl)
[
ξ23(zl)−ξ22(zl)
]2
, (5.10)
where the sum is calculated across all the interfaces, l. The different variables in this
equation were already defined in Eq. 5.7.
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Figure 5.9: Illustration of the impact of individual interfaces on the interface roughness
transition broadening between upper (3) and lower (2) laser states for a ref-
erence design (a) and for structure S1 (b). The term δU2(zl)[ξ23(zl)−ξ22(zl)]2
of Eq. 5.10 is represented with blue dots.
Figure 5.9 plots the term δU2(zl)[ξ23(zl)− ξ22(zl)]2, calculated for the scattering be-
tween upper (3) and the lower (2) laser states for structure S1 and for the reference design.
We see that the impact of the barrier width B1 on the total scattering rate. In structure S1
(Fig. 5.9b), this impact is very modest, while the same calculation made for the reference
design (Fig. 5.9a) indicates that the largest contribution to the interface scattering comes
from the scattering on the thin and high AlAs barrier between W1 and W2 that is in place
of B1. The term ∑l δU2(zl)[ξ2i (zl)−ξ2j(zl)]2 in Eq. 5.10 is calculated to 0.031 eV2nm−2
for structure S1 and 0.054 eV2nm−2 for the reference design, predicting an improvement
in the transition width of the order of 43%.
Figure 5.10 shows the emission spectrum for a 25 µm × 3 mm laser stripe at vari-
ous drive currents. The laser and electroluminescence emission is peaked at 2575 cm−1
(3.9 µm). The inset shows the half-width of the emission spectrum as a function of drive
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Figure 5.10: Measured emission spectrum as a function of the drive current for a 25 µm×
3 mm laser stripe at room temperature measured with 100 ns current pulses
at a repetition rate of 10 kHz. The inset shows the half-width of the emission
spectrum as a function of drive current, saturating at 26 meV as the current
is reduced. Measured in the same way electroluminescence half-width at
80 K saturates at approximately 20 meV.
current. The half-width of the electroluminescence saturates for low drive current at
∼ 26 meV, so we consider it to be a fair approximation of the true width of the spon-
taneous emission free from the impact of stimulated emission. Measured in the same
way, the electroluminescence half-width measured at 80 K saturates at ∼20 meV for the
current design and ∼42 meV for the reference design. The ∼50% narrowing of the low-
temperature electroluminescence spectrum in current design is mainly due to reduced
interface scattering of the upper laser state at the B1 barrier, which is in good agreement
with the calculated value of 43%. A rough estimate of the ∆Λ product in Eq. 5.10 from
the low-temperature linewidth of 20 meV is [55]
∆Λ≈ 0.6 nm2 , (5.11)
a value that is close to reported values for solid source epitaxial systems [158, 159]. This
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value for ∆Λ is in the following used for our analysis of IFR scattering.
Structure S2 (Fig. 5.11) is similar to structure S1, though especially designed to en-
hance the thermal escape current by means of a reduced activation energy. For this pur-
pose, energy separations E3m1 = 80 meV and E3m2 = 139 meV are achieved in structure
S2, representing reduced values with respect to structure S1 (Tab. 5.1). This results in an
increased carriers leakage from the injector into higher states via LO-phonon absorption
and IFR scattering. Furthermore, other leakage mechanisms are simultaneously increased
in structure S2. The direct injection of charge carriers from the injector ground state into
lower laser states via LO-phonon emission, for example, will be in the longer-wavelength
structure S2 (4.6 µm) larger with respect to the shorter wavelength structure S1 (3.9 µm).
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Figure 5.11: Calculated conduction band profile of the structure S2 under a
76 kV/cm electric field. The layer thickness in nm from left
to right starting from the widest active region quantum well are
5.0/1.0/4.2/2.1/3.8/1.5/3.4/1.3/3.0/1.1/2.6/0.9/2.3/0.8/0.7/0.8/0.7/2.3/0.9/0.7/
0.9/0.7/2.0/1.3/0.7/1.3/0.7/1.8/0.9. AlAs layers are in bold, In0.73Ga0.27As
layers are in roman, and In0.55Al0.45As layers are in italics. Underlined lay-
ers are doped to 1.0×1018 cm−3. Solid lines represent the moduli-squared
of relevant conduction band states. Relevant states are labeled in analogy to
Fig. 3.3.
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Measurement of the leakage current
To experimentally determine Jleak(T ), the leakage current at laser threshold as a function
of temperature, we measure the threshold current density Jth as a function of cavity length
L and temperature. We use for simplicity laser bars with uncoated facets, resulting in a
mirror loss αm =− ln(R f )/L, with R f the facet reflectivity. From a plot of Jth(1/L) and
using Eq. 3.12, we determine the slope − ln(R f )/gc. The mirror reflectivity R f ≈ 0.26
is determined by the mode spacing [57], so gc is also known. The y-axis intercept of
the Jth(1/L) plot, Jth(1/L = 0) = (Jleak +αw/gc), is the extrapolated threshold current
density for perfectly reflecting mirrors. Furthermore, the waveguide loss αw can be cal-
culated for the emission wavelength, doping, temperature, and refractive index [129].
Then, the leakage current is written as
Jleak(T ) = Jth(T,1/L = 0)−αw(T )/gc(T ) (5.12)
for each temperature. Figure 5.12 shows the measured 1/L-dependence of Jth for struc-
tures S1 and S2 at different temperatures. The correspondent values for gc and for
gc · Jth(T,1/L = 0) = αw+ Jleak ·gc are plotted in Fig. 5.13.
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Figure 5.12: Measured threshold current density for structures S1 (a) and S2 (b) as a func-
tion of reciprocal resonator length at different heat sink temperatures. The
devices were operated with 100 ns current pulses at 100 Hz repetition rate
(0.001% d.c.). The solid lines illustrate the expected linear 1/L-dependence
of Jth.
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Figure 5.13: Measured modal gain coefficient gc (blue circles) and αw+ Jescth (T ) ·gc (red
squares) for structures S1 (a) and S2 (b) as a function of heat sink tem-
perature. The solid lines represent polynomial fits to the data. The calcu-
lated waveguide loss αw due to free-carrier absorption is also shown (dashed
lines).
The leakage current can also be written as Jleak = Jth− J0th, where J0th represents the
threshold current density for zero-leakage, i.e., J0th = (αm +αw)/gc. The temperature
dependence of J0th is shown in Fig. 5.14. For structure S1 the ratio Jleak/Jth reaches
small values Jleak/Jth ≈ 0.24 for a 25 µm × 3.0 mm sample at 300 (Fig. 5.14a). A value
of Jleak/Jth ≈ 0.15 at 300 K was estimated for conventional three quantum well QCL
structures [92, 103]. In the case of structure S2 Jleak achieves higher values over the
temperature scale (Fig. 5.14b). A ratio Jleak/Jth ≈ 0.6 is measured for a 25 µm× 3.3 mm
sample at 300 K.
The correspondent values for the leakage current are shown in Fig. 5.15. Here we
include also best fits to the data for Jleak as a function of temperature (solid black lines).
These data were obtained using the correspondent expressions for ELO and IFR scatter-
ing (sections 5.1.2 and 5.1.1) and using the sheet concentrations of the injector states, ngi ,
as fitting parameters. For this purpose we write the leakage current as
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Figure 5.14: Measured threshold current density (solid dots) for QCL structures S1 and
S2 as a function of heat sink temperature. The devices were operated with
100 ns current pulses at 100 Hz repetition rate (0.001% d.c.). The solid
lines represent the expected threshold current density without the thermally
activated leakage current.
Jleak = JIFRleak + J
ELO
leak , (5.13)
where each contribution (due to electron-phonon and interface roughness-induced stat-
tering) is the sum of individual components
JIFR/ELOleak =∑
gi
JIFR/ELOgi , (5.14)
which include in turn two types of contributions (see also Eq. 3.10): carriers leakage
from the injector states gi into excited states miniband m j, and carriers leakage from
injector states gi into the lower laser state 2:
JIFR/ELOgi = engi×
(
∑
m j
〈1/τIFR/ELOgim j 〉(T )+ 〈1/τIFR/ELOgi2 〉(T )
)
. (5.15)
The temperature dependence of the scattering rates arises when averaging over the sub-
band distribution using Fermi-Dirac statistics. The electron temperature, determined
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from the measured current densities (Eq. 2.23) is considered for calculations.
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Figure 5.15: Measured leakage current density at threshold (solid dots) for structures S1
(a) and S2 (b). Solid (dashed) lines represent calculated components of the
leakage current density due to interface-roughness (electron-phonon) scat-
tering. The index gi labels injector miniband states in analogy to Fig. 3.3. Jgi
represents the leakage current component for electrons scattering out from
state gi.
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The best fit to the data results in the sheet concentrations
ng1 = 5.5±0.4×1010 cm−2 , ng2 = 1.9±0.2×1010 cm−2 (5.16)
for structure S1, and
ng1 = 1.2±0.15×1010 cm−2 , ng2 = 2.0±0.2×109 cm−2 , ng3 = 1.0±0.1×109 cm−2 ,
(5.17)
for structure S2.
We learn from Fig. 5.15 that IFR scattering from the injector states into the excited
states miniband represents the most significant contribution to carriers leakage for small
(< 90) meV escape barriers. An example here is structure S2, where carriers leakage due
to IFR scattering is, for high temperatures, by far larger than the ELO scattering compo-
nent. In the case of structure S1, on the other hand, IFR and ELO scattering components
of Jleak are similar. Reason for that is principally the larger energy spacing between the
injector and the excited states miniband.
Leakage from the injector states gi into the lower laser level represents a minor con-
tribution to the leakage current Jleak. Consider Fig. 5.16, which shows several leakage
paths for an electron in the injector ground state g1 of structure S2, scattering either to
the ground state of the excited states miniband, m1, or to the lower laser state, 2. The
individual components of the correspondent current densities are shown in Fig. 5.17. We
see that each component of the leakage current increases with temperature. This general
trend is related to the increasing phonon number, which affects directly ELO scattering,
and to the widening of the subband distribution broadening, which has an impact on both
ELO- and IFR scattering. Furthermore, IFR scattering remains larger than ELO scatter-
ing and this holds for both transitions (from state g1 into state m1, labeled with e, and
from state g1 into 2, labeled with b). ELO scattering is dominated by phonon emission
into state 2.
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Figure 5.16: Calculated energy dispersion for the electronic states of Fig. 5.11. Arrows
represent leakage current paths from state g1 into states m1 and 2. States are
labeled in analogy to Fig. 5.11.
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Figure 5.17: Calculated current density for non-radiative scattering from state g1 into
states m1 (dashed lines) and 2 (solid lines) for the QCL structure of Fig. 5.11.
Current paths are labeled as in Fig. 5.16.
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Impact of temperature activated leakage current on T0
An effective method to reduce carriers leakage into higher states is to increase the energy
separation ∆E between the injector and the excited states miniband. This arises from the
inverse exponential dependence of the leakage current ∼exp(−∆E/kBT ) on ∆E, which
is characteristic for scattering due to LO-phonons and for IFR scattering as well [57, 92,
99, 100, 107, 160]. ∆E can be therefore used as a reference magnitude to qualitative
estimate the significance of temperature activated carriers leakage in QCLs.
Figure 5.18 shows measured values for the threshold current characteristic temperature
T0 as a function of calculated ∆E for structures S1, S2, and variations. An approximately
linear scaling of T0 with ∆E is observed.
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Figure 5.18: Measured threshold current characteristic temperature T0 as a function of
calculated ∆E for structures S1, S2, and variations. ∆E is the energy sep-
aration between the lowest injector miniband state and the lowest excited
miniband state. The dashed line is a guide for the eye.
Similarly, as the photon energy of QCL devices increases the upper laser state en-
ergy level is pushed up in energy. The net effect is a reduction of ∆E and, therefore,
an increase of temperature-driven leakage. Fig. 5.19 shows collected literature data for
T0 as a function of emission photon energy for a number of MIR QCLs using the In-
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GaAs/InAlAs heterosystem. The reduction of T0 with increasing photon energy can be
clearly recognized.
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Figure 5.19: Measured threshold current characteristic temperature T0 as a function of
photon energy for several MIR QCLs. Data correspond to devices grown by
our research group and from Ref. [36, 44, 46, 76, 110, 111, 112, 113, 114,
118, 119, 122, 131, 132, 138, 161, 162, 163, 164, 165, 166].
5.2.2 Leakage current above laser threshold
Investigated QCL structure
For our study of the temperature activated leakage current above threshold we use a MIR
QCL design realized on the InGaAs/InAlAs-AlAs material system strain compensated to
an InP substrate. This structure uses AlAs exit barriers in order to increase the energy
difference between the injector ground state and the excited states miniband, which is
calculated to ∆E = 106 meV (Fig. 5.20). The AlAs barriers reduce also the spacial
overlap between the excited states miniband and the quasi-continuum states, reducing
carriers leakage further [55, 103, 120, 132, 133]. The intersubband energy difference
between upper and lower laser states is 229 meV (λ= 5.4 µm).
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Figure 5.20: Calculated portion of the conduction band profile of the studied QCL struc-
ture under a 90 kV/cm electric field (a). Layer composition and thickness are
indicated in the original publication [59]. Solid lines represent the moduli-
squared of relevant conduction band states. The dashed red arrow represents
the radiative transition, corresponding to an emission wavelength of 5.4 µm.
The solid arrow in (a) represents the leakage current from the upper laser
state miniband into excited states. The right panel (b) shows the calculated
two-dimensional sheet densities ni for a heat sink temperature of 80 K and
an electron temperature of Te = 130 K (solid circles). These data are given
in terms of the doping per period np = 3.2× 1011 cm−2. The open circles
in the right panel (b) are the sheet densities for the states i = 2, 3, and 4 as
determined by fitting the leakage current for higher electron temperatures.
The calculated two-dimensional sheet densities for active region confined states are
shown in Fig. 5.20b. These data are obtained through a self-consistent calculation of
the rate equations using a phenomenological model for scattering rates calculation. This
model consists on writing the total intersubband scattering rate between two states i and
j as the product of an energy-dependent part and the exchange integral of the wavefunc-
tions squared of the involved states:
1
τi j
= ρ(Ei j)
∫
ξ2i (z)ξ
2
j(z)dz . (5.18)
Ei j is here the energy separation between the involved subbands and the energy dependent
factor ρ(Ei j) collects contributions arising from several scattering mechanisms.
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Within this approach, the part of the scattering rate that depends on the details of the
wavefunctions, electric field, and specific structure is contained within
∫
ξ2i (z)ξ2j(z)dz.
The exchange integral in Eq. 5.18, multiplied by the energy-dependent factor ρ(Ei j),
gives then the total non-radiative scattering rate. The factor ρ(Ei j) is reconstructed using
experimental data4. The state of the art of this approach is that it allows the efficient
calculation of several characteristics of MIR QCLs operating at a heat sink temperature
of 80 K and electron temperatures up to Te = 130 K. An extension to higher electron
temperatures is being currently explored.
The QCL wafer containing 40 cascades was grown by GSMBE, processed into un-
coated laser ridges of 25 µm width, and soldered epi-up onto Cu heat sinks. The heat
sink temperature was kept constant to 80 K using a nitrogen-flow cryostat. Devices were
operated with current pulses of 100 ns-width and a low (10 kHz, 1% d.c.) repetition
rate in order to avoid self heating. Under these conditions, the threshold current density
ranged from Jth = 1.2 kA/cm2 for a L= 10 mm stripe to Jth = 5.2 kA/cm2 for L= 1 mm.
The high operation current densities of this device are particularly advantageous in this
case in order to illustrate the role of the electron temperature on the leakage current.
Measurement of the leakage current and its impact on the quantum
efficiency
For our analysis of the leakage current above threshold we want to take advantage of the
resonator length L-dependence of the quantum efficiency ηd . Recalling section 3.2.3, we
write this quantity as
1
ηd
=
(
1− αw
ln(R f ) ·L
)
1
ηtηin j
. (5.19)
For a fixed heat sink temperature, and neglecting the L-dependence of the injection ef-
ficiency, ηin j, this equation predicts a linear dependence of the reciprocal quantum effi-
ciency 1/ηd on the the resonator length L. Such a dependence has been experimentally
4Details of this model are being prepared for publication.
101
Chapter 5. Carriers leakage and hot electron effects 102
verified for QCLs operating at low current densities and strong (∼ 2.5 nm) dipole ma-
trix elements. In those cases, the effect of carrier leakage can be neglected and ηin j ≈ 1
can be used [107, 167]. Furthermore, the inclusion of the injection efficiency ηin j in the
expression for ηd is necessary for QCLs operating at high current densities, as the QCL
structure investigated in this section. As we will see next, this is necessary in order to
guarantee an appropriate analysis of experimental data.
Measured values for 1/ηd as a function of L for the investigated QCL structure are
shown in Fig. 5.21. Because the threshold current varies with L, the electron temperature
Te is also varied (Eq. 2.23). We see that for values of L between 5−10 mm the measured
1/ηd follows a linear L-dependence, achieving a minimum value of (1/ηd)min = 2.6. For
smaller values of L, 1/ηd increases considerably, achieving a value of (1/ηd)max = 10.2
for L = 1 mm.
The increasing 1/ηd with decreasing resonator length seen Fig. 5.21 is due to the effect
of electron temperature on the leakage current (and, thus, on the injection efficiency ηin j).
As noted above, shorter resonator lengths led to larger threshold currents and increased
electron temperatures. Taking ηin j as the ratio of the fitted curve (solid line in Fig. 5.21)
to the measured 1/ηd , the leakage current can be found as function of Te. Results are
shown in Fig. 5.22.
As the heat sink temperature is maintained at cryogenic values during measurements,
and the duty cycle is maintained low enough to neglect heating effects, there is practically
no ELO scattering contribution to the leakage current. The measured leakage current is
then driven by intersubband IFR scattering. For the studied QCL structure (Fig. 5.20),
the total leakage current due to IFR roughness from the injector miniband states into
higher states is given by
JIFRleak = J2+ J3+ J4 , with Ji = e× ∑
j∈{5,6}
ni〈1/τIFRi j (E)〉(Te) , (5.20)
where e is the electronic charge and ni is the two-dimensional sheet concentration in
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Figure 5.21: Measured reciprocal quantum efficiency per cascade 1/ηd (solid dots) as
a function of resonator length L. The data are collected in pulsed mode
(1% d.c.) at the heat sink temperature of 80 K. The solid red line represents
the expected 1/ηd without the leakage current (ηin j = 1). The dashed line
represents the calculated 1/ηd assuming an electron temperature-dependent
injection efficiency ηin j = ηin j(Te). The upper axis shows the correspondent
values for the electron temperature.
subband i.
The measured leakage current can be modeled using Eq. 5.20 with ni as fitting param-
eters. Averaging over energy is done using Fermi-Dirac statistics. The best fit to the data
results in the curves included in Fig. 5.22, which lead to the values n2 = (0.58±0.03)np,
n3 = (0.1±0.01)np, and n4 = (0.04±0.0002)np, with np the doping per period. Compar-
ison of these values with respect to the calculated ones for a lower electron temperature
(Fig. 5.20b) reveals an increment of∼100% for the sheet concentration of levels 3 and 4.
This effect, as well as the reduction of the upper laser state population by ∼ 46%, is a
directly consequence of the increased electron temperature.
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Figure 5.22: Measured leakage current density Jleak as a function of reciprocal electron
temperature (solid dots). Resonator lengths between L = 1.0− 4.0 mm,
where the values of Jleak are significant (Fig. 5.21), are considered. The
solid line is the current density as calculated using Eq. 5.20 for carriers
leaving the injector miniband (states 2, 3, and 4 in Fig. 5.20) via interface
roughness-induced (IFR) scattering. Individual components of this current
are shown.
5.3 Summary
Temperature activated leakage of charge carriers affects QCL performance significantly.
The main non-radiative scattering mechanisms in MIR QCLs are electron-longitudinal-
optical-phonon (ELO) scattering and interface roughness-induced (IFR) scattering. The
rate for both of them increases with temperature due to the increased phonon number and
the broadening of the subband distribution. Carriers leakage from the injector ground
states into the excited miniband is dominated by IFR scattering by intersubband energy
spacings <90 meV. Similarly, scattering from the upper laser state into the lower laser
state is dominated by IFR scattering for emission wavelengths >10 µm. We are able to
measure the leakage current at and above laser threshold. This allows us to estimate the
sheet distribution of conduction band states and better understand the impact of temper-
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ature activated leakage on QCL characteristics. Our approach offers a straightforward
method to analyze and troubleshoot thermally activated leakage in new QCL active re-
gion designs.
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6 Outlook and conclusions
In this thesis we illustrated the key role of quantum-cascade lasers (QCLs) as coher-
ent light sources for the mid- and far-infrared portion of the electromagnetic spectrum.
Important aspects of two-dimensional charge carriers in semiconductor heterostructures
were reviewed including the numerical calculation of steady state solutions and carrier
statistics.
We discussed the general architecture and operation principle of mid-infrared QCLs.
We presented expressions for the threshold current density and the differential quantum
efficiency with consideration of the leakage current. We found out that the injection
efficiency has a major impact in both the threshold current density and the quantum effi-
ciency.
Fabrication steps, processing, mounting, and standard QCLs characterization methods
were discussed. We presented a method for the fabrication of buried-heterostructure (BH)
devices with high thermal conductivity using iron-doped indium-phosphide (InP:Fe) lat-
eral cladding. The typical growth temperature of 650 ◦C required for metal-organic
vapor-phase epitaxy (MOVPE) limits the suitability of this technique for regrowing
InP:Fe in QCLs with a locally large internal strain. This is the case of a variety of short
wavelength (3-5 µm) QCL designs based on strain-compensation of InxGa1−xAs wells
and 12 nm-thick AlAs barriers on an InP-substrate. In our research, we used the gas-
source molecular-beam epitaxy (GSMBE) technique to fabricate BH-QCLs using InP:Fe
overgrown at temperatures < 600 ◦C. First realizations led to cw-operation up to 210 K
of a 7 µm-wide BH-QCL with an emission wavelength of 5.4 µm. The measured thermal
conductance was Cth = 500 W/Kcm2 at 210 K and 1020 W/Kcm2 at 127 K, which is
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comparable to the state of the art BH-QCLs regrown using MOVPE.
We proposed a method for estimation of the thermal resistance as a function of tem-
perature, which is based on fitting the measured light output power as a function of duty
cycle and using the thermal conductance as a fitting parameter. This method allows the
prediction of additional laser performance parameters as the maximum duty cycle and the
maximum light output power. Such a straightforward method should prove very useful
for rapid analysis strategies for laser performance optimization, particularly for maximiz-
ing the average power and for troubleshooting thermal management.
Carriers leakage from QCL quantum-well confined states into higher and lower states
were discussed. The two main mechanisms for non-radiative intersubband scattering
in MIR QCLs are electron-longitudinal-optical-phonon (ELO) scattering and interface
roughness-induced (IFR) scattering. The rate for non-radiative intersubband scattering
increases with temperature due to the increased phonon number and the broadening of
the subband distribution. Carriers leakage from the injector ground states into the excited
miniband is dominated by IFR scattering by intersubband energy spacings < 90 meV. We
presented methods for the experimental determination of the leakage current in QCLs at
and above laser threshold, which allowed us to estimate the sheet distributions of con-
duction band states and better understand the impact of temperature activated leakage on
QCLs characteristics. In particular, we found that even at temperatures low enough to
neglect ELO scattering, carriers leakage due to IFR becomes significant for devices op-
erating at high electron temperatures. Altogether, this approach offers a straightforward
method to analyze and troubleshoot new QCL active region designs and optimize their
performance.
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